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A.  INTRODUCTION 


1.  Scope  of  Program 

Antennas  for  millimeter  waves  fall  Into  two  broad  categories:  those 
that  can  be  successfully  scaled  from  their  microwave  frequency  counter¬ 
parts,  and  those  that  cannot.  In  the  first  category,  one  would  place  re¬ 
flectors,  lenses  and  horns.  The  small  size  in  fact  enhances  their  attrac¬ 
tiveness,  since  higher  directivity  can  be  achieved  with  small  size.  The 
second  category  Includes  such  antennas  as  slot  arrays,  leaky  wave  antennas, 
and  phased  arrays.  This  contract  is  toncerned  with  antennas  in  the  second 
category. 

Millimeter  wave  antennas  present  particular  challenges  because  of  two 
main  problems.  The  first  problem  relates  to  the  small  wavelengths  involved, 
requiring  antennas  of  smaller  size.  For  certain  types  of  antennas  this 
feature  is  a  boon,  but  for  others  it  presentjB  a  greater  difficulty  of  fabri¬ 
cation.  The  second  problem  Is  higher  metal  loss.  For  components  which  are 
about  a  wavelength  long,  the  higher  loss  does  not  produce  much  of  a  problem, 
so  that  useful  millimeter  wave  Integrated  circuitry  can  be  designed  up  to 
100  GHz  or  so  using  such  relatively  lossy  guides  as  micros trip  or  f inline. 
For  antennas  that  employ  traveling  waves,  on  the  other  hand,  the  antenna 
lengths  may  be  typically  20  to  100  wavelengths  long,  and  the  waveguide  loss 
may  compete  with  the  leakage,  or  radiation,  loss,  thereby  distorting  or 
upsetting  the  antenna  design. 


The  smaller  size  and  higher  lose  can  cause  problems 'for  antennas  in 
the  second  category  mentioned  above,  so  that  direct  scaling  from  known 
microwave  designs  is  not  suitable  for  such  sntennes.  It  la  therefore  ne¬ 
cessary  to  seek  novel  structures  or  modifications  of  known  structures  as 
the  basis  for  new  antennas.  This  recognition  has  furnished  the  motivation 
for  the  research  program  on  this  contract. 

The  corktract  proposal  contalnsd  many  suggestions  for  such  new  antennae, 
including  lumped-element  radiators  that  could  serve  as  elements  In  phased 
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arrays,  and  new  types  of  leaky  wave  antennas.  The  title  of  the  contract 
reflects  this  broad  scope  of  possible  new  antenna  structures.  Of  the 
various  possible  directions  we  could  pursue,  we  chose  first  to  explore 
novel  antennas  of  the  leaky  wave  type.  This  choice  was  dictated  in 
part  by  our  past  experience  with  such  antennas  and  in  part  because  leaky 
wave  antennas  form  a  natural  class  of  antennas  for  millimeter  waves,  in 
view  of  the  small  size  of  waveguides  in  the  millimeter  wavelength  range. 

In  addition,  such  antennas  can  be  used  as  elements  in  a  phased  array  in 
which  the  array  is  comprised  of  leaky  wave  line  sources  all  parallel  to 
each  other  and  fed  from  one  end,  with  phase  shifts  between  them  to  pro¬ 
duce  scanning  in  the  cross  plane. 

We  were  successful  almost  immediately  in  our  study  of  novel  leaky 
wave  antennas.  Because  of  the  results  achieved,  and  the  further  promise 
evident,  we  wrote  in  Quarterly  Status  Report  No.  5:  "...the  studies  so 

far  have  turned  out  to  be  very  productive,  with  several  new  antennas 
emerging  from  them.  Because  of  the  success  achieved  already,  and  because 
of  the  indications  that  additional  antennas  with  different  properties  are 
also  possible,  we  feel  that  it  is  best  for  us  to  continue  along  these  lines 
rather  than  to  diversify  and  explore  other  structures."  In  this  context, 
we  discussed  this  matter  with  the  contract's  Scientific  Program  Officer, 

Dr.  Hans  Steyskal,  and  he  gave  his  approval  for  this  change  in' the  stress, 
and  therefore  in  the  scope,  of  this  contract's  activities.  Despite  the 
original  title,  therefore,  this  Final  Report  does  not  cover  any  lumped- 
element  Investigations,  but  describes  the  accomplishments  in  connection 
with  several  new  types  of  leaky  wave  antennas. 

On  the  other  hand,  it  should  be  noted  that  the  original  proposal  ad¬ 
dressed  only  theoretical  Investlgatlona,  and  did  not  contain  any  experi¬ 
mental  phase.  In  the  course  of  the  studies  on  one  of  these  new  leaky  wave 
antennas,  however,  it  became  desirable  to  take  meaaurementa  of  the  leakage 
constant.  Approval  was  also  given  by  Dr.  Steyskal  to  modify  the  scope  of 
the  contract  to  add  this  experimental  phase,  since  such  measurements  would 
improve  che  content  and  quality  of  the  scientific  program.  The  need  for 
such  measurements,  and  details  regarding  both  the  measurement  method  and 


the  results  of  those  measurements,  ate  contained  in  Part  III,  Section  C, 
of  this  Final  Report, 


Leaky  wave  antennas  for  the  millimeter  wave  range  face  the  two  main 
problems  mentioned  earlier.  The  first  relates  to  the  small  wavelengths 
Involved,  which  require  small  waveguide  dimensions  and  pose  fabrication 
difficulties.  The  second  problem  is  higher  metal  loss;  for  antennas  which 
are  many  wavelengths  long,  the  leakage  (which  results  in  radiation)  may 
compete  with  the  intrinsic  waveguide  loss,  and  the  antenna  design  can  be 
adversely  affected.  We  overcome  the  first  of  these  problems  by  considering 


leaky  wave  structures  with  longltudinally-eontinuous  apertures .  and  the 
second  by  baaing  the  antennas  on  low- loss  waveguides.  These  are  the  two 
principal  features  that  characterize  all  of  the  new  antennas  discussed  here. 


Of  the  possible  low- loss  waveguides  that  have  been  proposed  over  the 
years,  we  have  selected  two  on  which  to  base  our  new  leaky  wave  antennas: 
the  groove  guide  and  the  nonradiative  dielectric  (NRD)  guide.  In  order 
to  assist  the  reader  who  may  not  be  familiar  with  the  [jropertles  of  these 
two  waveguides,  we  present  in  Sec.  6  of  Part  I  some  general  remarks  about 
low-loss  millimeter  waveguides,  and  then  some  specific  background  on  NRD 
guide  and  groove  guide  and  their  relations  to  H  guide. 

A  leaky  wave  antenna  is  basically  an  open  waveguide  possessing  a 
mechanism  that  permits  a  slow  leakage  of  power  along  the  length  of  the 
waveguide.  This  slow  leakage  is  characterized  by  a  phase  constant  0  and 
a  leakage  constant  a,  and  these  quantities  are  the  end  products  of  any 
analysis  of  a  leaky  wave  structure.  The  relations  between  S  and  a  and 
the  properties  of  an  actual  leaky  wave  antenna,  such  as  the  angle  of  maximum 
radiation,  the  beam  width,  and  the  side  lobe  distribution,  are  standard. 

For  the  convenience  of  the  render,  some  general  properties  of  leaky  wave 
antennas,  and  their  relations  to  6  and  a,  are  summarized  in  Sec.  C  of 


Several  different  mechanisms  have  been  introduced  to  produce  the 
necessary  leakage.  These  mechanisms  include  asymmetry,  foreshortening  of 
the  structure,  and  leaky  higher  modes.  The  first  two  approaches  apply 
to  antennas  based  on  both  the  groove  guide  and  Che  NRD  guide,  but  the 
third  one  is  suitable  only  for  the  groove  guide.  The  polarization  of 
the  radiated  fields  can  also  be  changed  according  to  the  mechanism  se¬ 
lected.  Further  details  regarding  these  different  mechanisms  are  pre¬ 
sented  in  subsection  2  of  this  Introduction. 

For  each  of  the  leaky  structures  analyzed,  we  have  developed  the 
appropriate  transverse  equivalent  network,  and  we  have  derived  accurate, 
yet  closed-form,  expressions  for  each  constituent  of  the  networks.  As 
a  result,  the  dispersion  relation  for  the  propagation  properties  (ct  and 
3)  for  each  antenna  is  also  obtained  in  closed  form.  Calculations  were 
then  made  which  iihow  that  the  antennas  are  feasible,  and  they  also  in¬ 
dicate  how  the  propagation  properties  depend  on  the  frequency  and  on 
various  geometric  parameters.  From  this  information,  optimum  designs 
for  each  antenna  type  can  be  deduced. 

Six  different  leaky  wave  antenna  structures  have  been  analyzed  on 
this  program  (four  based  on  groove  guide  and  two  on  NRD  guide) ,  but  not 
all  have  received  equal  treatment  In  depth.  The  two  which  have  received 
the  greatest  attention  have  been  the  asymmetric  strip  antenna  based  on 
groove  guide  and  the  foreshortened-top  antenna  using  NRD  guide.  Complete 
analyses  have  been  obtained  for  all  six  structures,  however,  and  deri¬ 
vations  as  well  as  some  numerical  data  are  presented  here  for  each. 

This  Final  Report  is  divided  into  three  parts,  as  mey  be  seen  from 
the  Table  of  Contents.  Part  I  is  devoted  to  introductory  remarks,  such 
as  those  above,  and  some  background  material  to  place  the  studies  In  better 
perspective.  Comments  were  made  above  with  respect  to  Secs.  B  and  C  of 
Part  I.  Also  Included  In  Part  I  is  Sec.  D,  which  is  of  a  different  nature. 
As  the  first  stage  in  the  analysis  of  the  asymmetric  strip  antenna  based 
on  groove  guide,  we  found  it  desirable  to  obtain  an  improved  solution  for 


the  properties  of  the  dominant  (bound)  mode  of  groove  guide.  That  solu¬ 
tion  was  later  incorporated  into  the  transverse  equivalent  network  for 
the  asymmetric  strip  antenna.  That  early  study  on  this  program  was  very 
thorough  and  very  successful,  and  it  conati  :es  a  contribution  in  its  own 
right.  A  short  version  of  that  work  appear*.  .  in  a  symposium  digest,  and 
a  longer  version  has  been  accepted  for  publication.  Since  this  work  repre¬ 
sents  an  accomplishment  on  this  program,  it  must  be  included  here,  but 
since  it  is  not  directly  an  antenna  study  (although  it  underlies  it)  it  is 
placed  into  Part  I.  Actually,  the  short  version  appears  as  Sec.  D,  and 
the  longer  paper  constitutes  Appendix  A. 

Parts  II  and  III  are  devoted  to  the  various  leaky  wave  antennas  based 
on  groove  guide  and  on  NBD  guide,  respectively.  The  order  of  the  presen-' 
taticns  and  the  detailed  listings  of  the  contents  are  presented  both  in 
the  overall  Table  of  Contents  and  in  the  partial  ones  appearing  at  the 
beginning  of  each  part.  Ue  shall  not  repeat  them  here.  As  an  aid  to  the 
reader,  however,  summaries  are  presented  at  the  beginnings  of  Parts  II  and 
III,  indicating  what  Is  Included  and  what  Is  important.  Further  summaries, 
containing  Increased  levels  of  detail,  are  to  be  found  at  the  beginning  of 
each  section.  It  is  recommended  that  these  summaries  be  read  first  to 
obtain  a  good  idea  of  the  overall  effort  and  to  learn  where  to  look  for 
what . 

Earlier  on  this  contract,  an  Interim  Sclanclfic  Report  was  Issued,  and 
a  comprehensive  report  was  submitted  on  the  new  asymmetric  strip  leaky  wave 
antenna  based  on  groove  guide.  Since  this  latter  report  has  not  yet  appeared, 
it  is  included  in  this  Final  Report  as  Appendix  B.  It  is  included  here  for 
two  reasons:  first,  for  completeness,  and,  second,  because  heavy  reference 
is  made  to  portions  of  it  in  connection  with  other,  later  studies,  and  this 
material  would  otherwise  need  to  be  repeated. 

The  various  investigations  on  this  contract  have  also  resulted  in  a 
number  of  publications  and  presentations  at  professional  society  meetings, 
with  short  papers  appearing  in  the  proceedings  or  digests  associated  with 


.V 


s' 


those  meetings.  In  many  cases  those  short  papers  represent  excellent 
Introductions  to  the  work  and  sunmatles  of  the  results  obtained.  Because 
of  their  utility  In  this  connection,  use  has  been  made  here  of  such  short 
papers,  and  they  have  been  Incorporated  In  context  In  Parts  II  and  III. 

Five  such  short  papers  are  included,  two  in  Sec.  A,  1  and  two  in  Sec.  B,  1 
of  Part  II,  and  one  in  Sec.  A,  1  of  Part  III.  A  complete  list  of  the 
publications  and  presentations  appears  In  subsection  3  of  this  Introduction. 

The  author  of  this  Final  Report  has  been  the  Principal  Investigator 
of  this  program.  General  technical  assistance  has  been  provided  by 
Prof.  S.  T.  Peng,  and  detailed  contributions  have  been  made  by  Dr.  P. 
Lamparlello,  now  an  Associate  Professor  at  the  University  of  Rome,  Italy, 
and  previously  a  KATO  Postdoctoral  Fellow  who  spent  a  year  with  us  at  the 
Polytechnic  Institute  of  New  York,  Dr.  A.  Sanchez,  a  Ph.D.  student  who 
received  his  doctorate  in  June  1983,  and  Mr.  Q.  Han,  another  student. 

Dr.  Lamparlello  contributed  to  the  various  antennas  based  on  groove  guide 
contained  in  Part  II,  and  Dr.  Sanchez  conducted  the  theoretical  analyses 
for  the  foreshortened-top  antenna  described  in  Part  III  (and  most  of  these 
analyses  were  incorporated  into  his  Ph.D.  thesis),  and  Mr,  Han  performed 
the  measurements  discussed  in  Part  III. 


2.  Mechanisms  Used  to  Produce  Leakage 

Several  different  mechanisms  have  been  introduced  to  produce  the 
required  leakage  from  the,  waveguide  mode  that  is  ordinarily  purely  bound. 

In  all  cases,  however,  these  mechanisms  involve  continuous  apertures,  making 
the  antennas  relatively  simple  to  fabricate. 

One  mechanism,  that  was  employed  for  antennas  based  on  both  the  groove 
guide  and  the  NRD  guide,  is  asymmetry.  Many  open  waveguides  have  modes  that 
are  purely  bound  when  the  structure  is  symmetrical;  the  introduction  of 
asymmetry  produces  mode  conversion  to  another  mode  that  then  leaks  power 
away.  This  concept  was  first  employed,  to  my  knowledge,  by  W.  Rotman  in 
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his  Invention  of  the  asyntanetric  trough  guide  antenna  [1]  In  the  late  1950* s. 
The  revival  here  of  that  concept  was  made  first  to  the  asymmetric  strip 
leaky  wave  antenna  based  on  groove  guide.  That  antenna  was  analyzed  In 
great  detail,  and  the  results  are  contained  in  Sec,  A  of  Part  II.  An 
asymmetric  leaky  wave  structure  In  NSO  guide  was  analyzed  only  late  In  the 
contract  period,  but  results  for  It  are  presented  In  Sec.  D  of  Part  III. 

It  is  to  be  stressed  that  many  different  means  may  be  used  to  produce  the 
leakage,  and  that  the  specific  structures  discussed  here  were  selected  lu 
part  because  they  were  amenable  to  closed-form  analysis.  A  second  example 
of  an  asymmetric  a true  .re  based  on  groove  guide  Is  the  very  simple  one 
treated  la  Secs.  C  and  D  of  Part  II,  obtained  by  bisecting  the  basic  groove 
guide  vertically,  and  a  third  example  also  presented  In  Sec.  C,  is  a 
modification  of  that  structure  employing  added  strips  In  order  to  Increase 
the  leakage  constant. 

A  second  mechanism  Involves  foreshortening  part  of  the  guiding  struc¬ 
ture  to  permit  an  evanescent  field  to  see  free  space  before  the  field  de¬ 
cays  to  negligible  values.  This  mechanism  was  examined  In  greet  detail  In 
connection  with  an  antenna  based  on  NRD  guide,  and  discussed  thoroughly  In 
Secs.  A,  B  and  C  of  Part  III.  Section  A  describes  the  antenna  and  presents 
the  derivations  In  the  analyses.  Sec.  B  presents  two  different  perturbation 
procedures  which  simplify  the  analysis,  and  Sec.  C.  contains  the  results 
of  measurements  (which  agreed  very  well  with  our  theory) .  This  asms  mechan¬ 
ism  can  be  employed  with  groove  guide,  but  we  did  not  pursue  It  there  be¬ 
cause  it  would  not  yield  something  basically  different. 

A  third  mechanism,  that  was  relevant  to  groove  guide,  is  based  on  the 
fact  that  higher  modes  In  groove  guide  ere  leaky.  We  prove  this  ststsment, 
and  derive  expressions  for  leaky  structures  based  on  the  first  higher  odd 
mode  and  then  the  first  higher  even  mode.  These  analyses  are  described 
in  Sec.  B  of  Fart  II. 

Different  mechanisms  can  also  lead  to  different  polarizations  for  the 
radiated  fields.  The  asymmetTy  mechanism,  beesuss  of  the  mode  conversion 


to  a  TEM-llke  mode,  results  In  horizontal  polarization.  The  mechanism  based 
on  foreshortening  maintains  the  polarization  of  the  exciting  mode,  which 
here  implies  vertical  polarization,  whether  for  groove  guide  or  NRD  guide. 
The  leaky  higher  mode  mechanism  for  groove  guide  results  in  vertical  pola¬ 
rization  for  the  first  higher  odd  mode  and  horizontal  polarization  for  the 
first  higher  even  mode, 


3.  List  of  Publications  and  Presentations 

I 

This  list  is  arranged  chronologically. 


1.  P.  Lampvlello  and  A.  A.  Ollner,  "A  Novel  Leaky* Wave  Antenna  for  MU* 
Ilmeter  Waves  Based  on  the  Groove  Guide,”  Digest  of  IEEE  International 
Symposium  on  Antennu  and  Propagation,  pp.  852*555,  Albuquerque, 
NM  (May  24-28,  1082). 

2.  A.  A.  Ollner  and  P.  Lamparlello,  "Theory  tad  Design  Considerations  for  a 
New  Millimeter* Wave  Leaky  Groove  Guide  Antenna.”  Proe.  1 2th  Euro¬ 
pean  Microwave  Conference,  pp.  307*371,  Helsinki,  Finland  (September 
13*17,  1882). 

3.  P.  Lamparlello  and  A.  A.  Ollner,  "Bound  and  Leaky  Modes  In  Symmetrl* 
cal  Open  Groove  Guide,”  Proe.  Fourth  National  Meeting  on  Electromag¬ 
netic  Applications,  pp.  217-220,  Florence,  Italy  (October  4*0,  1082). 

4.  A.  A.  Ollner  and  P.  Lamparlello.  "A  Novel  Leaky- Wave  Antenna  for  Mil¬ 
limetre  Waves  Based  on  the  Groove  Guide,”  Electronics  Letters,  Vol.  18, 
No.  25/20,  pp.  1105*1100  (December  0,  1082). 

5.  P.  Lamparlello  and  A.  A.  Ollner,  "Theory  and  Design  Considerations  for  a 
New  Millimetre-Wave  'Leaky  Groove  Guide  Antenna,”  Electronics 
Letters,  Vol.  10,  No.  1,  pp.  18*20  (January  0,  1083). 

0.  A.  A.  Ollner  and  P.  Lamparlello,  "Leaky  Modes  of  Symmetrical  Groove 
Guide,”  Digest  of  IEEE  International  Microwave  Symposium,  pp.  300- 
302,  Boston,  MA.  (May  31  *  June  3,  1083). 

7.  P.  Lamparlello  and  A.  A.  Ollner,  "Bound  and  Leaky  Modes  In  Symmetri¬ 
cal  Open  Groove  Guide,"  Alta  Frequenaa,  Vol.  52,  No.  3,  pp.  104-100 
(May- June  1083). 

8.  A.  Sanchea  and  A.  A.  Ollner,  "Accurate  Theory  for  a  New  Leaky-Wave 
Antenna  for  Millimeter  Waves  Using  Nonradlative  Dielectric  Waveguide,” 
Proe.  UBSI  International  Symposium  on  Electromagnetic  Theory,  pp. 
307-400,  Santiago  de  Compostela,  Spain  (August  23-20,  1083). 


Q.  F.  l.amparlello  and  A.  A.Ollner,  ’Tbe  Leaky  Mode  Spectrum  of  Groove 
Guide,"  Proc.  URSI  International  Symposium  on  Electromacnetle  Tlieory, 
pp.  54S-54S,  Santiago  de  Compostela,  Spain  (August  23-20,  1083). 

10.  A.  A.  Ollner  and  P.  Lamparlello,  "Simple  and  Accurate  Expression  for  the 
Dominant  Mode  Properties  of  Open  Groove  Guide,"  Digest  of  IEEE 
International  Microwave  Symposium,  pp.  62-04,  San  Francisco,  CA.  (May 
30  -  June  1,  1084). 

11.  A.  Scmchez  and  A.  A.  Ollner,  "Microwave  Network  Analysis  of  a  LeaJcy- 
Wave  Structure  In  Non-radlatlve  Dielectric  Waveguide,”  Digest  of  IEEE 
International  Microwave  Symposium,  pp.  118-120,  San  Francisco,  CA. 
(May  30  •  June  1,  1284). 

12.  A.  Sanchez  and  A.  A.  Ollner,  "Accurate  Theory  for  a  New  Leaky-Wave 
Antenna  for  Millimeter  Waves  Using  Nonradlatlve  Dielectric  Waveguide," 
Radio  Science,  accepted  for  publication. 

13.  A.  A.  Ollner  and  P.  Lamparlello,  "The  Dominant  Mode  Properties  of 
Open  Groove  Guide:  An  Improved  Solution,”  Trans.  IEEE  on  Microwave 
Theory  Tech.,  accepted  for  publication. 


B.  LOW-LOSS  WAVEGUIDES 


1.  General  Remarks 

About  25  years  ago^  the  advantages  of  mllllaeter  waves  began  to  be 
understood,  and  serious  attention  was  paid  for  a  few  years  to  means  for 
overcoming  the  new  challenges  that  these  higher  frequencies  had  posed. 

One  of  these  challenges  related  to  waveguldlng  structures.  It  was  recog¬ 
nized  that  coaxial  or  rectangular  waveguide  would  have  appreciable  loss 
at  these  higher  frequencies,  and  thought  was  given  to  devising  new  wave¬ 
guides  with  lower  loss,  particularly  in  connection  with  long  runs  of  wave¬ 
guide.  Several  new  waveguldlng  structures  were  Invented  during  this  period 
In  response  to  this  challenge,  and  among  these  were  the  H  guide  and  the 
groove  guide. 

After  a  few  years,  Interest  In  theue  new  waveguides  declined.  In  part 
because  practical  sources  of  millimeter  wave  power  were  not  available,  and 
In  part  because  there  were  no  real  needs  yet  for  these  smaller  wavelengths. 
Within  the  past  decade,  however,  sources  have  become  plentiful,  and  needs 
have  multiplied.  There  Is  great  Interest  today  In  millimeter  waves,  and 
attention  has  again  been  paid  to  new  types  of  waveguide. 

The  primary  drive  now  with  respect  to  these  waveguides  Is  not  long 
runs  of  them,  however,  but  their  utility  and  ease  of  fabrication  with  re¬ 
spect  to  building  components .  particularly  In  an  Integrated  circuit  sense. 
Some  of  these  waveguides,  such  as  mlcrostrlp  line  and  f Inline,  are  In  fact 
not  low- loss  guides  at  all,  but  they  satisfy  these  component  needs.  Most 
components  ate  short,  having  lengths  only  of  the  order  of  a  wavelength,  so 
that  the  loss  In  the  line  exerts  only  a  small  effect  on  the  component's 
performance,  For  leaky  wave  antennas,  however,  which  may  typically  be 
20  to  100  In  length,  where  Is  the  free  space  wavelength,  the 
Intrinsic  loss  In  the  waveguide,  due  to  the  losses  In  the  metal  walls  or 
the  dielectric  medium,  can  be  comparable  to  the  leakage  loss  and  therefore 
compete  with  It,  distorting  the  antenna  performance.  The  problem  Is  par¬ 
ticularly  severe  for  antennas  with  narrow  beams,  since  then  a  long  aperture 
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Is  required,  and  the  leakage  per  unit  length  (uhlch  produces  the  radiation) 
must  be  kept  small. 


For  leaky  wave  antennas,  therefore,  It  is  necessary  to  concentrate 
on  low-losa  waveguides.  (We  recognize,  of  course,  that  leaky  wave  antennas 
are  comprised  of  waveguides  that  are  perturbed  to  produce  continuous  leakage 
of  power  along  their  lengths.)  A  common  characteristic  of  many  low- loss 
waveguides  is  that  the  electric  field  of  the  mods  that  Is  used  is  main¬ 
tained  parallel  to  the  waveguide  walla  almost  everywhere.  The  reason  for 
this  field  orientation  is  that  the  metal  wall  losses  decrease  as  the  fre¬ 
quency  is  Increased  If  the  electric  field  is  parallel  to  the  walls,  but  in¬ 
crease  with  Increasing  frequency  if  the  electric  field  is  perpendicular  to 
the  walls.  The  two  low- loss  waveguides  on  which  leaky  wave  antennas  have 
been  based  in  this  study  are  the  groove  guide  and  the  nonradiative  dielec¬ 
tric  (NBS)  guide,  which  is  a  recent  variant  of  H  guide.  In  both  of  those 
waveguides,  the  electric  field  la  purposely  polarized  parallel  to  the 
waveguide  walls  for  the  above  reason. 

These  two  waveguides  will  be  described  below  in  more  detail,  but 
it  should  be  mentioned  hare  that  both  waveguides  are  outgrowths  of  the 
H  guide  originally  devised  and  discussed  by  F.  Tischer.  The  groove  guide 
was  Invented  by  T.  Nakahara  as  a  means  to  overcome  the  dielectric  loss  in 
H  guide  without  Increasing  its  metal  wall  loss  appreciably,  and  its  field 
confinement  behavior  strongly  resembles  that  of  H  guide.  NkD  guide  was 
proposed'  by  T.  Yoneyama  and  S.  Nishlda,  and  it  is  similar  to  H  guide  ex¬ 
cept  for  the  plate  spacing,  which  Is  made  less  than  a  half  wavelength  to 
eliminate  radiation  from  discontinuities.  Fuller  explanations  of  these 
points  are  made  in  context  below, 

2.  SBD  Guide 

Although  this  study  began  with  an  analysis  of  groove  guide,  and  in 
fact  Part  II  deals  with  leaky  wave  antennas  based  on  groove  guide,  we 
shall  here  consider  NRD  guide  next  because  It  Is  so  closely  related  to 
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H  guide,  and,  as  mentioned  above,  both  HRB  and  groove  guide  were  basically 
outgrowths  of  H  guide.  We  begin,  therefore,  with  a  summary  of  the  proper** 
ties  of  H  guide. 


iS 
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The  cross  section  of  the  basic  form  of  H  guide  Is  shown  on  the 
left  side  of  Fig.  1.1.  It  Is  seen  to  consist  of  two  vertical  metal  walls, 
with  a  thin  dielectric  strip  placed  between  them.  The  electric  field 
orientation  la  vertical,  so  that  It  Is  almost  everywhere  parallel  to  the 
metal  walls.  The  function  of  the  dielectric  strip  Is  to  concentrate  the 
field  vertically,  so  that  the  field  in  the  air  regions  above  and  below  the 
dielectric  scrip  is  evanescent  vertically  away  from  the  strip.  The  field 
distribution  is  reminiscent  of  that  of  the  mode  In  rectangular  wave¬ 
guide,  in  which  the  electric  field  is  vertical,  and  the  variation  h  izon- 
tally  1b  sinusoidal.  Although  the  presence  of  the  dielectric  stri;  intro¬ 
duces  additional  field  components  so  that  the  mode  becomes  hybrid  In  the 
longitudinal  direction,  the  vertical  field  Is  still  a  dominant  feature. 

The  guide  structure  looks  like  a  rectangular  waveguide  loaded  In  the 
middle  with  dielectric,  and  without  Its  top  and  bottom  walls  since  they 
are  no  longer  needed  because  the  fields  are  now  vertically  evanescent  in 
the  air  regions. 

The  purpose  of  this  structure  was  to  eliminate  all  metal  walls  at 
which  electric  fields  could  terminate  perpendicular  to  the  valla.  Thus, 
the  top  and  bottom  walls  of  rectangular  waveguide  were  removed,  and  the 
dielectric  strip  was  introduced  to  confine  the  field  vertically.  As 
mentioned  above,  Che  metal  losses  increase  with  Increasing  frequency  when 
the  electric  field  lines  are  perpendicular  to  the  metal  walla.  From  the 
standpoint  of  metal  losses,  therefore,  H  guide  Is  still  useful  at  the 
high  frequency  end  of  Che  millimeter  wave  range.  At  this  end,  however,  the 
dielectric  losses  become  more  significsnt,  and  groove  guide  wee  proposed 
as  a  way  out  of  this  pradicsment. 


In  this  section,  however,  we  are  concerned  with  what  NRD  guide 
is  and  how  it  differs  from  H  guide.  The  cross  asctlon  of  NFS  (nonradiatlve 
dielectric)  waveguide  is  shown  on  the  right  side  of  Fig.  1.1.  It  is  sean 
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•  lower  loss 

•  must  maintain  uniform 

•  hard  to  build  components 


•  still  low  loss 

•  no  radiation  or  leakage 
from  bends  or  junctions 

•  easy  to  build  components 


K  H  Guide  NRD  Guide 
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Fig.  1.1  Comparlsona  batvsan  H  gulda  and  NKD 
(nonradlatlva  disloctrlc)  guida 


to  be  Identical  with  H  guide  except  that  the  spacing  between  the  metal 
plates  Is  less  than  one  half  free  space  wavelength  In  contrast  to  H  guide, 
where  the  spacing  is  deliberately  made  greater  than  half  a  wavelength  to 
further  decrease  the  wall  losses.  This  seemingly  trivial  modification 
makes  an  enormous  practical  difference,  (It  is  of  passing  Interest  that 
both  T.  Yoneyama,  one  of  the  original  proposers  of  NRD  guide,  and  J.A.G. 
Malherbe,  who  claims  to  have  independently  invented  it  but:  did  not  publish 
in  time,  told  me  at  the  1984  International  Microwave  Symposium  in  San 
Francisco  that  they  had  devised  the  NRQ  guide  by  some  totally  different 
route,  and  only  afterwards  realised  its  simple  relation  to  H  guide.) 

H  guide  was  originally  conceived  to  be  useful  for  long  runs  of  guide, 
so  the  objective  would  be  to  achieve  as  low  an  attenuation  as  possible. 

For  this  reason,  the  spacing  between  the  plates  was  made  wide,  certainly 
greater  than  a  half  a  wavelength.  As  long  as  the  guide  was  uniform  and 
straight,  the  dominant  mode  was  purely  bound  no  matter  what  the  plate 
spacing  was,  but  any  discontinuity  present,  such  as  a  bump  or  some  Junc¬ 
tion  connected  with  a  component,  even  if  it  maintained  the  required 
symmetry,  could  excite  the  first  higher  mode  between  parallel  plates. 

When  the  plate  spacing  Is  grester  than,  half  a  frea  ipaca  wavalangth,  this 
first  highsr  mode  ia  above  cutoff,  so  that  powsr  can  leak  away  from  the 
H  guide  by  means  of  this  parallel  plate  mode.  Because  of  this  feature, 

It  was  difficult  to  build  components  in  H  guide,  and  that  guide  type  was 
deemed  impractical  (except  for  long  runs) . 

T.  Yoneyama  and  S.  Nishida  [21  of  Tohoku  Dnlvarslty  in  Japan  proposed 
that  the  plate  spacing  in  H  .ntuide  be  reduced  to  less  than  a  half  wave¬ 
length  so  that  the  first  higher  mode  in  parallel  plate  guide  would  remain 
below  cutoff.  In  that  way,  all  Junctions  or  other  discontinuities  that 
maintained  the  symmetry  of  the  dominant  mode  would  be  reactive  end  the 
radiation  problem  faced  by  H  guide  would  be  eliminated.  Components  could 
than  be  constructed  readily,  and  the  guide  would  become  practical.  Al¬ 
though  the  structural  change  is  simple,  the  practical  implications  of  it 
are  so  widespread  that  ths  authors  felt  it  best  to  give  the  guide  a  new 
name:  MRD  guide. 
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Soon  thereafter,  Yoneyama  and  Nlahlda  quickly  and  easily  built  a 
variety  of  components  [3],  paralleling  structures  common  in  mlcrostrlp  line, 
and  demonstrating  that  these  components  could  be  arranged  in  integrated 
circuit  fashion.  A  page  from  one  of  their  earlier  papers  [3]  is  repro¬ 
duced  here  as  Fig,  1.2,  showing  how  simple  it  is  to  build  such  components 
us  filters  and  ring  resonators.  Since  that  time  (late  1981),  they  built 
and  analysed  many  other  components,  such  as  bends  [4],  couplers  [5], 
more  filters  [6],  etc.. 

To  our  knowledge,  no  antennas  have  been  designed  that  are  based  on 
NRD  guide,  Our  study,  described  in  detail  in  Part  111,  is  the  first  in 
this  direction. 

3.  Groove  Guide 

Groove  guide  was  invented  by  T.  Nakahara  [7]  as  a  way  to  overcome  the 
dielectric  loss  in  H  guide  without  significantly  affecting  the  metal 
losses.  The  waveguide  is  shown  in  Fig.  1,3,  and  is  seen  to  consist  only 
of  metal.  Instead  of  the  dielectric  in  H  guide,  the  center  region  of 
groove  guide  is  made  wider  than  the  upper  and  lower  outer  regions.  The 
fields  in  the  vertical'  direction  then  have  a  trigonometric  dependence  in 
the  grooved  region,  but  are  exponentially  decaying  (evanescent)  in  the 
narrower  regions  above  and  below.  The  fields  are  therefore  confined  to 
the  central  grooved  region  in  e  manner  similar  to  those  in  the  central 
dielectric  region  of  H  guide. 

A  sketch  of  the  electric  field  lines  in  the  cross  section  of  groove 
guide,  and  an  approximate  plot  of  the  vertical  component  of  the  electric 
field,  consistent  with  the  discussion  above,  are  shown  in  Figs.  1.4  (a) 
and  (b). 

The  dominant  mode  in  groove  guide  is  seen  from  Fig.  1.3  to  be  an 
even  closer  relative  to  the  TE^^q  mode  in  rectangular  waveguide  than  the 
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rig.l  NRO-guid*  Fig. 5  Filtajf 


Fig, 3  SWR  et  Traniition 


fig, 6  rraguancy  R««pono«  of  Plltar 


Fig.  1.2  Page  from  paper  by  T.  Yoneyama  and  S.  Nlshlda  (3], 
showing  how  components  such  as  filters  and  ring 
resonators  can  be  constructed  simply  In  MD  guide. 
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H  guide  is.  The  groove  guide  Indeed  looks  like  rectangular  waveguide 
without  most  of  its  top  and  bottom  walls;  since  the  fields  are  evanescent 
above  and  below  the  central  grooved  region,  we  may  say  that  the  top  and 
bottom  metal  walls  have  been  replaced  by  reactive  walls.  The  electric 
field  is  also  primarily  vertical  for  the  groove  guide,  as  sketched  in 
Fig.  1.4(a),  but  the  mode  is  not  hybrid  in  the  longitudinal  direction 
as  it  was  in  H  guide. 

The  top  and  bottom  of  groove  guide  are  still  primarily  open,  so 
that  the  electric  field  is  still  essentially  parallel  to  the  aide  walls, 
resulting  in  lower  loss  at  the  higher  frequencies.  However,  one  does  not 
get  something  for  nothing;  the  elimination  of  the  dielectric  losses  was 
obtained  at  the  expense  of  small  sections  of  metal  walls  (In  the  central 
grooved  section)  that  are  perpendicular  to  the  electric  field.  Those  small 
sections  contribute  terms  to  the  metal  losses  that  increase  with  frequency. 
Hence,  no  guide  is  perfect  aa  regards  attenuation  at  the  higher  frequencies, 
although  groove  guide  does  rather  well  in  this  connection,  with  the  metal 
losses  first  decreasing  and  eventually  increasing  as  the  frequency  con¬ 
tinues  to  be  Increased. 

After  Hakahara  returned  to  Japan,  he  continued  to  explore  the  proper¬ 
ties  of  open  groove  guide  [8,9]  with  N.  Kurauchl,  and  a  bit  later  H. 
Shlgesawa  and  K.  Taklyama  [10,11]  of  Japan  studied  the  closed  groove  guide, 
where  the  top  and  bottom  ends  were  closed  off  by  metal  plates.  Following 
Nakahara's  original  work,  independent  lnv<  stigatlons  were  conducted  In 
the  U.S.A.  by  F.  J.  Tischer  [12]  and  by  J.W.E.  Grlememann  [13],  and  later 
by  N.  Y.  Yee  and  N.  F.  Audeh  [14].  Interest  in  the  groove  guide  then 
declined  for  a  few  years,  along  with  the  millimeter  wave  field  as  a  whole, 
but  then,  in  the  mid  19/0's,  it  was  revived  and  developed  further  by 
D.  J.  Harris  and  colleagues  [15,16]  in  Great  Britain  (Wales).  Harris  at 
first  studied  various  basic  opertles,  moatiy  experimentally,  but  later 
he  concentrated  on  the  feasibility  of  certain  basic  components  for  groove 
guide.  Other  recent  work  included  that  of  J.  Meissner,  who  Investigated 
the  coupling  [17]  between  groove  guides,  and  the  radiation  losses  of 
bends  [18]. 
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The  investigations  on  this  contract,  presented  in  detail  in  Part  II, 
represent  the  first  contributions  to  antennas  based  on  the  groove  guide. 


C.  SOME  GENERAL  PROPERTIES  OF  LEAKY  WAVE  ANTENNAS 

A  leaky  wav®  antenna  is  basically  an  open  waveguide  possessing  a 
mechanism  which  permits  a  slow  leakage  of  power  along  the  length  of  the 
waveguide.  The  leaky  wave  that  exists  at  the  opening  along  the  length 
of  the  waveguide  provides  the  aperture  field  distribution  of  the 
antenna,  and  the  length  of  the  waveguide  over  which  the  leaky  wave  con¬ 
tains  significant  power  defines  the  antenna  aperture  length.  It  is  cus¬ 
tomary  to  retain  a  length  for  which  90S  or  9511  of  the  power  can  leak 
away;  the  remaining  10%  or  5$  is  absorbed  in  a  load  placed  at  the  end  of 
the  waveguide. 

The  rate  of  leakage  per  unit  length  along  the  waveguide  is  given  by 
the  attenuation  constant  a  of  the  complex  propagation  constant 
of  the  leaking  waveguide  mode.  If  the  value  of  a  Is  small,  the  antenna 
aperture  will  be  long,  and  the  far  field  radiation  pattern  will  possess 
a  narrow  beam.  If  o  la  large,  the  power  is  radiated  more  rapidly  along 
the  antenna  length  and  a  wider  radiated  beam  will  be  obtained. 

The  design  of  a  leaky  wave  antenna  proceeds  by  first  specifying  the 
desired  performance  characteristics  of  the  antenna:  the  angle  of  maximum 
radiation,  the  beam  width,  and  the  side  lobe  properties.  The  angle  9 

a 

that  the  maximum  of  the  main  beam  makes  with  the  normal  to  the  antenna 


aperture  (broadside  direction)  is  given  approximately  by 


sin  6^  S  8/k  -  A/X^  ‘  (l.l) 

where  B  is  the  phase  constant  of  the  complex  propagation  constant  k^. 
The  beam  width  AS  is  related  linearly  to  the  reciprocal  of  the  aperture 
length  L,  and  a  rule  of  thUiiib  for  Ae  is 


A9 


A 

L  cos  J 

01 


Relation  (1.1)  above  is  summarized  plctorlally  in  Fig.  1.5. 


(1.2) 


For  the  side  lobe  properties,  it  is  well  known  that  the  antenna 
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Fig.  1.5  Pictorial  representation  for  sin  6^s:  9  A,  where  9,^  is  the  angle  that 

the  maximum  of  the  radiated  beam  makes  with  the  normal  to  the  antenna 
aperture  surface,  and  9  is  the  phase  constant  of  the  leaky  wave  that 
travels  along  the  aperture  surface. 


aperture  distribution  must  be  tapered  in  a  specified  fashion  in  order  to 
aonieve  the  desired  side  lobe  requirements.  The  necessary'  tapers 
corresponding  to  various  side  lobe  specif loatlons  appear  in  standard 
antenna  texts.  When  the  aperture  distribution  is  tapered.  relatlon(1.2) 
for  the  beam  width  is  affected  somewhat  numerically,  but  not  more  than 
±25$  depending  on  the  taper,  so  that  (1.2)  remains  a  useful  and  reason¬ 
ably  accurate  indication  of  the  beam  width. 

When  the  geometry  of  the  waveguide  Is  uniform  along  its  length,  the 
aperture  distribution  consists  of  a  slow  exponential  deoay.  To  produce 
the  taper  needed  for  the  side  lobe  requirements,  it  la  necessary  to  vary 
the  o  of  the  waveguide  along  the  length  L,  and  therefore  to  vary  the 
transverse  dimensions  in  some  fashion  along  the  waveguide  length.  The 
phase  constant  g  la  maintained  constant  along  the  length  so  that  all 
parts  of  the  antenna  aperture  radiate  at  the  same  angle  The  rela¬ 
tion  between  a(z),  where  z  is  the  longitudinal  coordinate,  and  the 
desired  taper  along  z  of  the  antenna  aperture  distribution  is  also 
available  in  the  literature. 


The  dispersion  relations  for  the  leaky  structures  yield  the  values 
of  a  and  B  corresponding  to  specific  geometrical  parameters  in  the  cross 
section.  That  relation  must  be  used  in  a  specific  design  to  produce  the 
a(z)  needed  while  maintaining  6(z)  constant.  Part  of  the  design  consid¬ 
erations  to  be  discussed  in  this  Final  Report  are  aimed  at  recommending 
which  geometrical  parameter  or  parameters  should  be  varied  to  change  a 
but  not  B. 

The  analyses  in  this  report  discuss  the  behavior  of  the  leaky  struc¬ 
tures  when  the  cross  section  is  maintained  constant,  and  they  stress 
the  variation  of  6  and  oi  with  frequency  and  with  various  dimensional 
parameters.  If  we  assume,  as  is  common,  that  the  antenna  aperture  of 
length  L  radiates  90%  of  the  power  (with  the  remaining  10%  absorbed  by 
a  load) ,  then  the  power  level  at  the  end  of  the  antenna  aperture  is 
10  dB  down  from  its  value  at  the  beginning.  In  the  numerical  values 
that  follow,  we  shall  present  the  a  value  in  the  form  a/k  in  nepers,  so 
that  the  value  of  a  in  dB  per  wavelength  is  2tt(8,686)  (ct/k)  ■  54.6  (ct/k). 
The  antenna  length  L  in  free  space  wavelengths  is  then  approximately 

L  -  10  1  -  0.18 

The  precise  value  of  L  will  depend  on  how  the  aperture  distribution 
is  tapered.  If  the  percentage  of  power  radiated  is  different  from  90%, 
the  length  L  in  (1.3)  will  differ  somewhat  numerically,  but  may  be 
readily  computed, 

In  summary,  the  values  of  B/k  and  oi/k  that  are  presented  in  this  re¬ 
port  permit  us  to  determine  readily  the  values  0  from  (1.1),  the  aper- 

m 

ture  length  L  from  (1.3),  and  the  beamwidth  A6  from  (1.2). 


D.  IMPROVED  SOLUTION  FOR  THE  DOMINANT  MODE  OF  OPEN  GROOVE  GUIDE 


It  was  mentioned  in  the  Introduction  (Sec.  A,  1)  that  an  Improved 
solution  was  derived  for  the  properties  of  the  dominant  mode  In  groove 
guide.  Although  this  investigation  was  motivated  by  the  need  for  a 
better  solution  for  use  in  the  transverse  equivalent  network  of  the 
asymmetric  strip  leaky  wave  antenna,  discussed  in  Sec.  A  of  Part  II, 
it  represented  a  complete  and  thorough  investigation  on  Its  own,  and 
is  of  interest  In  Its  own  right.  The  Improved  solution  Is  notable  in  that 
it  is  compact,  simple,  accurate,  has  all  Its  elements  In  closed  form, 
and  yields  better  agreement  with  measurements  than  any  previous  solution. 

A  talk  on  this  new  solution  was  presented  recently  at  the  IEEE 
International  Microwave  Symposium,  held  at  San  Francisco,  CA,  on 
May  30-June  1,  1984.  The  title  and  authors  of  this  talk  are:  "Simple 
and  Accurate  Expression  for  the  Dominant  Mode  Properties  of  Open  Groove 
Guide,"  by  A.  A.  Ollner  and  P.  Lampariello.  A  short  paper  summarising 
the  study  appeared  in  the  Digest  of  that  symposium  on  pp.  62-64,  and  It 
Is  reproduced  here  In  this  section. 

In  addition,  a  more  complete  version  was  written  up  to  be  Issued  as 
a  report  on  this  contract.  After  it  was  ready.  It  was  recommended  that 
it  should  be  Issued  as  a  paper  rather  than  a  report,  and  If.  was  subse¬ 
quently  sent  to  the  IEEE  MTT  Transactions.  It  has  been  accepted  for 
publication,  but  since  It  Is  not  yet  available  either  as  a  report  or  a 
paper  It  is  included  here  as  Appendix  A.  The  title  and  authors  are: 

"The  Dominant  Mode  Properties  of  Open  Groove  Guide:  An  Improved  Solution," 
by  A.  A.  Ollner  and  P.  Lampariello. 
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Abstract  providing  a  amooth  tapered  transition  between  it 

and  a  feed  rectangular  waveguide.  Furthermore, 
Groove  guide,  one  of  several  low-loss  wave-  if  symmetry  is  maintained,  many  components  can 
guides  proposed  some  years  ago  for  use  at  mill!-  be  designed  for  groove  guide  which  are  analogues 

meter  wavelengths,  is  again  receiving  attention  in  of  those  in  rectangular  guide, 

the  literature.  A  new  transverse  equivalent  net¬ 
work  and  dispersion  relation  for  the  properties  of  The  greater  width  in  the  middle,  or  central, 

the  dominant  mode  are  presented  here  which  are  region  was  shown  by  T.  Nakahara  [  3-5],  the  in- 

extremely  simple  in  form  and  yot  very  accurate.  ventor  of  groove  guide,  to  serve  as  the  mechanism 

Comparisons  with  accurate  published  measure-  that  confines  the  field  in  the  vertical  direction, 

ments  indicate  better  agreement  with  this  new  much  a's  the  dielectric  central  region  does  in  H 

theory  than  with  any  previous  theory,  guide,  ,The  field  thus  decays  exponentially  away 

from  the  central  region  in  the  narrower  regions 
A.  INTRODUCTION  abovs  and  below,  as  shown  in  Fig.  2(b).  If  the 

narrower  regions  are  sufficiently  long,  it  doss  not 
Groove  guide  is  one  of  a  group  of  low-loss  matter  if  they  remain  open  or  are  closed  off  at.  the 

waveguiding  structures  proposed  eome  yesru  ago  ends, 
for  use  at  millimeter  wavelengths.  Results  for 

the  propagation  characteristics  of  the  dominant  The  theoretical  approach  to  the  propagation 

mode  in  groove  guide  have  been  published  pre-  constant  of  the  dot  ninant  mods  taken  hy  most  of 

vlously.  There  exist  theoretlcsl  expressions  the  previous  investigators  has  been  to  produce 

which  are  simple  but  approximate,  more  accurate  a  first-order  result  by  Uking  only  the  dominant 
expressions  which  involve  infinite  sums  and  are  transverse  mode  in  each  region  of  the  cross  soo> 

messy  to  compute  from,  and  careful  measured  Hon,  and  then  obtaining  the  dispersion  relation  on 

results.  We  present  here  a  new  expresslBn  for  use  of  the  transverse  resonance  condition.  That 

the  propagation  constant  of  groove  guide,  which  is  proctdurs,  which  neglects  the  presence  oif  all 

very  accurate,  yet  in  eloied  form  and  simple.  The  higher  transverse  modes,  is  equivalent  to  acdouat- 

microwave  network  approach  used  in  the  derivation  ing  for  the  stap  junction  between  the  central  and 
of  the  new  expression  is  summarized,  and  than  outer  regions  by  employing  a  transformer  only, 

comparisons  are  made  with  previously  published  and  by  ignoring  the  junction  suieepUnoa  entirely, 
theoretical  and  experlmenUl  results.  It  will  be  With  that  approximstlon,  a  simple  dispersion  rs- 

seen  that  the  new  expression  provides  excellent  lation  is  obUined,  which  produces  reasonably  good 

agreement  with  measurement,  and  in  fact  better  agreement  with  measured  data  when  the  step  dis¬ 
agreement  than  with  any  previous  theoreticsl  data.  continuity  is  snnall.  Mors  accurate  theoretical  ' 

phrasings  were  presented  n  some  references  by 

The  motivation  for  obtaining  an  improved  ex-  accounting  for  the  susceptance  by  taking  an  inftnlt 
preadon  for  the  propagation  consUnt  of  groove  number  of  higher  modes  on  each  side  of  the  step 

guide,  and  In  the  process  a  transverse  equivalent  junction  and  then  mode  matching  at  the  Junction, 

network  which  io  almpls  and  whose  constituents  The  resulting  expressions  involve  matrices  which, 

are  all  in  closed  form,  is  that  groove  guide  ap-  even  after  the  necessary  truncation,  arc  massy  t6 

pears  to  be  an  excellent  low-loss  waveguide  upon  compute  from.  When  only  one  or  two  higher  modos 

which  can  he  based  a  number  of  novel  leaky-wave  are  included,  the  improvement  in  accuracy  is 

antennas  for  the  millimeter  wavelength  range.  quite  small  and  the  added  complexity  in  ealeuladon 

The  results  of  this  paper  then  form  an  important  is  substantial, 
step  in  the  analysis  of  such  antennas.  One  anten¬ 
na  in  this  class  has  been  described  recently  [  1,2],  The  approach  in  this  paper  is  to  establish  a" 

propar  tranavarss  equivalent  network,  identify 

The  cross  section  of  groove  guide  is  shown  the  appropriate  transverse  mode  (which  is  hybrid), 

in  Fig.  1,  and  an  indication  of  the  dominant  mode  obtain  an  accurate  expression  In  closed  form  for 

electric  field  lines  present  In  its  cross  section  la  the  step  junction  susceptance,  and  then  apply  the 

given  in  Fig.  2(a).  One  should  first  note  that  the  transverse  resonance  condition  to  the  now-oemplete 
atructuro  resembloa  that  of  rectangular  waveguide  transverse  equivalent  network,  which  yields  the 
with  most  oi  Its  top  and  bottom  walls  r amoved,  relevant  dispersion  relation  for  the  propagation 

The  groove  guide  can  therefore  be  excited  by  constant.  This  dispersion  relation  Is  simple,  in 
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literature.  B/  a  elmple  additional  etep,  however 
we  can  adapt  an  available,  but  not  widely  known, 
result  to  our  dlecontlnulty  of  interest. 


closed  lorcn,  and  very  accurate,  as  demonstrated 
by  comparison  with  measured  datafrom references 
4  and  5 . 

B.  THE  TRANSVERSE  EQUIVALENT  NETWORK 

The  complete  transverse  equivalent  network 
for  the  groove  guide  is  derived  by  starting  with  a 
proper  phrasing  of  the  problem  and  then  by  putting 
together  all  the  constituent  elements.  The  eisen* 
tlal  new  constituent  in  the  transverse  equivalent 
network  is  a  simple  closed  form  expression  for  the 
step  junction  susceptance. 

To  begin  with,  however,  we  must  Identify  the 
correct  mode  in  the  y  direcdon  (sea  Fig.  2),  We 
first  note  that  with  respect  to  the  z  (longitudinal) 
direction  the  overall  guided  mode  is  a  TE  (or  H) 
mode;  that  is,  there  exists  only  a  component  of 
H  in  the  z  direction.  This  result  is  to  be  ax* 
pected  since  the  groove  guide  consists  of  a  per¬ 
fectly  conducting  outer  structure  Ailed  with  only 
a  single  dielectric  material  (air).  In  the  /  direc¬ 
tion,  however,  there  exist  both  Ey  and  Hy  com¬ 
ponents,  so  that  the  mode  is  hybrid  in  that  direc¬ 
tion. 

Since  the  groove  guide  la  uniform  in  the  z 
direction,  and  its  field  has  only  an  component, 
the  hybrid  mode  in  the  y  direcAon  is  seen  te  bs 
what  is  called  by  some  an  H-typs  mods  with  re¬ 
spect  to  the  It  direction,  and  by  others  an  LSE 
mode  with  respect  to  the  z  direction.  We  prefer 
the  former  notation,  and  we  shall  designate  the 
mode  in  the  y  direction  as  an  H<*^-tvpe  mode. 
Altnchuler  and  Goldatone  [  6]  discuss  buc1\ modes 
in  detail  and  present  the  field  components  for 
them  and  the  eharacteristle  admittances  for  trans* 
mission  lines  ropreaentative  of  them.  For  this 
mode,  We  find  that  the  characteristic  admittanes 
is  givsn  by 


where  ky  is  the  propagation  constant  of  the  trans- 
mis  slon'llne. 

The  step  junction  is  a  lossless  asymmetric 
discontinuity,  and  it  therefore  requlree  three  real 
quantities  for  its  characterisation.  It  has  been 
found  by  experience,  however,  that  for  most  situa- 
tione  the  network  conveniently  reduces  to  a  shunt 
network  comprised  of  a  shunt  suaeeptanoa  B  and 
a  transformer  with  turns  rade  n. 

Employing  the  mode  functions  for  the 
type  mode  mentioned  above,  the  turns  ratio  n  can 
be  derived  in  the  usual  manner  to  yield 


To  our  knowledge,  an  expression  for  the  shunt 
susceptance  for  ihe  step  junction  subject  to  the 
excitation  shown  in  Fig,  2(a)  is  not  available  in  the 


The  available  result  la  a  aymmetric  discon¬ 
tinuity  which  is  contained  in  Vol.  6  of  the  MIT 
Radiation  Laboratory  Series  [  7]  and  is  presented 
there  as  an  illustration  of  how  Babinet'a  principle 
may  be  used  creatively.  That  result,  combined 
with  appropriate  stored  power  conaideratione,  per¬ 
mits  us  to  obtain  the  following  result  for  the  step 
junction  discontinuity  susceptance; 


■  0  S5  k  ~  cot^ 

■  u.ssXy  ^  cot  2a 


The  resulting  transverse  equivalent  network 
becomea  that  shown  in  Fig.  3,  where  bisection 
has  bean  employed,  and  where  the  network  has 
been  placed  horizontally  for  convenience.  The  ex¬ 
pressions  for  parameters  B,  n  and  Yq  (and  there¬ 
fore  Yn)  are  given  respectively  by  (3),  (2),  and 
<1).  The  form  of  the  network  and  the  expressions 
for  its  eonadtuanta  are  seen  to  be  eminently  simple, 
and  yet  they  characterize  the  structure  vary  accu¬ 
rately. 

Once  the  network  in  Fig.  3  bacomee  available, 
the  determination  of  the  dispersion  relation  for  the 
lowest  mods  becomes  an  easendally  trivial  task. 

By  applying  the  transverse  resonanea  condition, 
we  obtain 

cotkyl--^  jj^  +  ky  0.55^  cot*  (4) 

The  early  first-order  solution  derived  by  vari¬ 
ous  authors  corresponds  precisely  to  the  first  two 
terms  in  (4).  Ths  third  tsrm  in  (4)  repressnts  a 
particularly  simple  and  convenient  way  to  take  into 
account  the  Influence  of  all  the  higher  modes,  which 
the  first-order  solution  sdmittsdly  nsglscts, 

C.  NUMERICAL  RESULTS;  COMPARISON  WITH 

MEASUREMENTS 

We  next  verify  the  accuracy  of  theee  new  theo¬ 
retical  reaults.  aa  embodied  in  dispersion  relation 
(4)  and  the  eimple  transverse  equivalent  network 
•  hown  in  Fig.  3.  Toward  this  end,  we  present 
now  a  comparison  between  our  theoretical  numbers 
and  the  careful  experimental  resulte  of  Nakahara 
and  Kurauehi  f  4,  S]  (referred  to  below  as  N-K), 

In  Fig.  9  of  reference  S  and  Fig.  10  of  refer¬ 
ence  4,  N-K  present  the  results  of  careful  mea¬ 
surements  on  a  variety  of  groove  guides.  They 
give  the  measured  veluae  of  Xg  ae  a  function  or 
a'  for  groove  guides  of  different  cross  sections, 
and  they  show  how  these  valuei  compare  with 
curvaa  obtained  ueing  first-order  theory.  All  of 
those  data,  plua  our  theoretical  numbers,  are  con¬ 
tained  in  Figs.  4(a)  and  4(b)  presented  here;  the 
first-order  thnory  is  represented  by  dashed  Unas, 
our  more  accurate  theory  by  solid  linos,  and  the 
maaeured  data  as  discrete  points.  The  cross  sec¬ 
tions  corroBponding  to  each  set  of  curves  are 
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ahown  a.a  inaets . 


It  is  Been  that  our  theoretical  curves  agree 
ver/  well  with  the  meanured  values  in  almost  all 
cases.  On  the  other  hand,  the  first-order  theo¬ 
retical  values  are  systematically  somewhat  be¬ 
low  both  our  theory  and  the  measured  data.  It  ap¬ 
pears,  therefore,  that  the  first-order  theory  re¬ 
presents  a  rather  good  approximation,  considering 
its  simplicity,  and  that  the  new  theory  using  (4) 
is  indeed  sicnlflcantly  more  accurate. 
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Fig.  2  The  electric  field  of  the  dominant  mode 
in  open  groove  guide,  (a)  A  aketch  of  the 
electric  field  linee  in  the  croea  section, 

(b)  An  approximate  plot  of  the  vertloal 
component  Ey  ae  a  function  of  y,  showing 
that  the  guided  mode  ie  bound  tranevereely 
to  the  central  grooved  region. 


Fig.  3  Complete  traneveree  equivalent  network 
for  open  groove  guide,  for  the  enoitation 
indicated  in  Fig.  2(a). 


(a)  (b) 

Fig.  4  Comparieene  between  meaeured  andtheo- 
retleal  values  of  the  cutoff  wavelength  Xg 
for  groove  guides  of  various  oross  eaotlene. 
The  solid  lines  represent  our  improved 
theory,  the  dashed  curves  are  the  first- 
order  theoretical  values,  and  the  points 
ere  the  measured  results  of  N-K  [  4,5]  . 

The  insets  indicate  the  croes-sootional 
geomstriee  for  eeoh  meetured  point,  where 
the  numbers  are  in  cm. 


Fig.  1,  The  open  groove  guide. 


PART  II »  ANTENNAS  BASED  ON  GROOVE  GUIDE 


A.  THE  ASYMMETRIC  STRIP  ANTENNA 

1.  Sunuaat7  of  Principal  Features 

2.  Discussion  of  Comprehensive  Report 


B.  THE  LEAKY  MODE  SPECTRUM  OF  GROOVE  GUIDE 

1.  Summary  of  Principal  Features 

2.  Derivations  for  the  n  ■■  3  (Odd)  Leaky  Mode 

(a)  Wavenumber  Considerations  to  Demonstrate  Leakage 

(b)  The  Mode  Functions  and  the  Field  Components 

(c)  Turns  Ratios  for  the  Step  Junction 

(d)  The  Coupling  Network  at  the  Step  Junction 

(e)  The  Dispersion  Relation 

3«  Derivations  for  the  n  ■  2  (Even)  Leaky  Mode 

(a)  Wavenumber  Considerations  to  Demonstrate  Leakage 

(b)  The  Mode  Functions  and  the  Field  Components 

(c)  Turns  Ratios  for  the  Stop  Junction 

(d)  The  Coupling  Network  at  the  Step  Junction 

(e)  The  Dispersion  Relation 


C,  ANTENNAS  BASED  ON  THE  n  -  2  LEAKY  MODE 

1,  Antenna  of  Simple  Configuration 

2.  Antenna  with  Added  Strips 


D.  ALTERNATIVE  THEORETICAL  APPROACH  FOR  THE 
n  -  2  LEAKY  MODE  ANTENNA 


II.  ANTENNAS  BASED  ON  GROOVE  GUIDE 


Two  basic  low-loss  waveguides  for  millimeter  waves  were  described  in 
Sec.  B  of  Part  I;  they  were  both  used  in  this  study  as  the  basis  for  new 
types  of  leaky  wave  antennas  for  application  to  millimeter  wavelengths. 

The  first  of  these  waveguides  ia  thu  groove  guide,  and  the  various  anten¬ 
nas  based  on  it  that  were  analysed  and  evaluated  in  this  study  are  discussed 
in  this  part  of  the  Final  Report, 

Two  different  leakage  mechanisms  were  employed  in  these  antennas. 

The  first  mechanism  ia  asymmetry;  the  structure  proposed  and  analyzed 
based  on  this  mechanism  utilized  an  added  anymmetric  strip  to  produce  the 
controlled  leakage.  The  second  mechanism  makes  use  of  the  fact  that  all 
of  the  higher  modes  of  groove  guide  are  leaky ;  only  the  dominant  mode  is 
purely  bound.  New  antennas  become  possible  based  on  the  n  ■  2  (even) 
and  n  *  3  (odd)  higher  modes,  and  they  radiate  in  different  polarizations, 
according  to  the  basic  mode. 

The  asymmetric  strip  antenna  is  the  one  that  was  analyzed  in  the 
greatest  detail,  and  on  which  we  have  the  largest  amount  of  numerical 
performance  data.  The  study  of  that  structure  also  emerged  with  various 
optimization  considerations.  Two  short  papers  were  written  that  summarized 
the  principal  features  of  this  antenna;  both  appeared  in  Electronics 
Letters.  Just  prior  to  their  publication,  two  talks  were  presented  at 
professional  society  meetings  on  the  same  basic  material;  they  were  gi' sn 
at  the  IEEE  International  Symposium  on  Antennas  and  Propagation  at 
Albuquerque,  New  Mexico,  in  May  1982,  and  at  the  European  Microwave  Con¬ 
ference  at  Helsinki,  Finland,  In  September  1982.  The  first  talk  covered 
the  principles  of  operation  of  the  antenna,  and  the  second  one  stressed 
the  design  considerations.  The  two  short  papers  followed  a  similar  format. 

The  studies  on  the  asymmetric  strip  antenna  are  covered  in  Sec.  A  below. 
In  Sec.  A,  1,  we  include  the  two  short  papers  that  appeared  in  Electronics 
Letters,  because  they  represent  an  excellent  summary  of  the  principal 
features  relating  to  the  antenna,  Including  the  principle  of  operation,  the 
transverse  equivalent  network,  selected  numerical  results,  and  some  remarks 


concerning  dimensional  optimization.  Tliose  papers  contain  no  derivations, 
however,  and  they  omit  many  of  the  numerical  results.  Because  there  was 
much  more  to  present,  a  comprehensive  report  was  written  that  contains  much 
additional  informat..on.  Since  this  comprehensive  report  has  not  as  yet 
been  issued  by  the  Air  Force,  it  is  Included  In  this  Final  Report  as  Appen¬ 
dix  B,  so  that  It  becomes  available  to  those  who  wish  to  see  It  at  this 
time.  In  addition,  we  refer  to  its  contents  several  times  in  connection 
with  some  of  the  derivations  presented  below.  A  few  remarks  concerning 
this  comprehensive  report  are  presented  as  Sec.  A,  2. 

The  second  mechanism  that  serves  as  a  basis  for  groove-guide  leaky 
wave  antennas,  as  indicated  above,  is  that  all  higher  modes  on  groove 
guide  are  leaky.  Although  it  was  known  that  higher  odd  modes  were  leaky, 
ve  showed  that  the  leakage  statement  was  also  valid  for  higher  even  modes. 
More  Important,  however,  is  the  fact  that,  before  our  studies,  no  analysis 
had  been  made  to  determine  the  amount  of  the  leakage.  We  derived  appro¬ 
priate  transverse  equivalent  networks,  and  determined  not  only  the  amount 
of  the  leakage  but  also  some  of  its  parametric  dependences.  These  studies 
on  the  leaky  mode  spectrum  of  groove  guide  are  presented  in  Sec,  B, 

In  Sec.  B.  1,  we  Include  two  short  published  papers  on  this  topic  that 
summarize  the  most  important  features  of  this  work.  These  papers  contain 
discussions  on  the  physical  basis  for. this  higher-mode  leakage,  the  trans¬ 
verse  equivalent  networks,  and  some  numerical  results,  together  with  a  dis¬ 
cussion  on  why  the  curves  of  a  and  0  as  a  function  of  frequency  and  di¬ 
mensional  aspect  ratio  behave  physically  as  they  do.  The  first  of  these 
papers  was  published  in  Alta  Frequenza  in  1983,  and  the  second  appeared 
in  the  Proceedings  of  the  URSI  Symposium  on  Electromagnetic  Theory,  held 
in  Spain  in  August,  1983.  Their  contents  differ  in  the  following  way; 
although  there  is  clearly  some  overlap,  the  first  paper  treats  only  the 
odd  higher  modes,  comments  on  the  dominant  mode,  and  presents  data  as  a 
function  of  frequency.  The  second  paper  presents  an  overview,  but  is 
concerned  primarily  with  a  comparison  between  the  behaviors  of  the  odd 
and  the  even  higher  modes. 
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Before  these  shoi-t  papers  appeared,  two  talks  were  given  on  their 
contents.  These  talks  were  presented  at  the  Fourth  National  Meeting  on 
Electromagnetic  Applications  at  Florence,  Italy,  in  October  1982,  and  at 
the  IEEE  International  Microwave  Symposium  at  Boston,  Mass.,  in  June  1983. 
The  first  of  these  talks  led  to  the  above-mentioned  paper  in  Alta  Frequenza, 
and  the  second  constituted  an  overview  comparing  the  properties  of  the  odd 
and  even  higher  modes. 

The  derivations  of  the  expressions  for  the  constituents  of  the  trans¬ 
verse  equivalent  networks  are  not  Included  in  these  paper  or  talks,  because 
of  the  limited  space  and  time  available.  They  are  therefore  presented  here 
in  Secs.  B,  2  and  B,  3  for  the  n  ■  3  and  n  ■  2  leaky  higher  modes, 
respectively. 

The  mid-plane  of  the  groove  guide  for  the  n  ■  2  higher  mode  is  an 
electric  wall,  from  symmetry.  By  bisecting  that  structure,  and  placing 
a  metal  wall  at  the  mid-plane,  we  obtain  an  asymmetric  antenna  of  simple 
cross  section.  It  is  interesting  that  this  latter  structure  can  be  viewed 
as  leaky  either  because  of  asymmetry  or  because  the  field  distribution 
is  that  of  the  first  higher  even  mode,  which  is  leaky.  Either  way,  the 
structure  is  an  Interesting  candidate  for  a  millimeter  wave  leaky  wave 
antenna  because  of  its  simplicity.  Comments  on  the  performance  of  this 
structure,  and  its  limitations,  appear  in  Sec.  C,  1.  The  principal  limi¬ 
tation  is  that  its  leakage  constant  is  lower  than  that  found  for  the  other 
antennas . 

For  this  reason,  small  strips  were  added  at  the  sites  of  the  step 
Junctions  in  the  cross  section.  This  modified  structure  was  analyzed; 
a  higher  leakage  constant  is  obtained,  of  course,  but  at  the  expense  of 
some  added  fabrication  difficulty.  In  Sec.  C,  2,  we  present  the  modified 
structure,  the  derivation  for  its  properties,  some  numerical  values  for  d 
and  6,  and  suggestions  regarding  its  fabrication. 

The  calculations  in  Sec.  C,  1  also  Indicate  that  for  maximum  radiation 
the  cross  section  dimensions  resembled  a  small  tee  stub  on  a  vertical  guide. 


Our  theory  is  probably  no  longer  accurate  in  that  range  of  groove  dimen¬ 
sions,  so  that  these  numerical  results  nay  no  longer  be  reliable.  It  was 
therefore  necessary  to  view  the  structure  differently,  and  to  derive  a  new 
theoretical  result. 

This  new  theoretical  approach  Is  discussed  in  Sec.  D.  The  structure 
was  viewed  as  a  tee  stub  on  a  parallel  plate  guide,  rather  than  a  modi¬ 
fied  groove  guide,  in  this  range  of  dimensions.  A  transverse  equivalent 
network  was  derived  consistent  with  this  point  of  view,  and  expressions 
foe  its  parameters  were  obtained.  Numerical  values  for  the  leakage  con¬ 
stant  obtained  via  this  approach  were  substantially  larger  than  those 
obtained  previously. 

This  transverse  equivalent  network  is  valid  in  the  horizontal  direc¬ 
tion,  whereas  that  for  the  groove  guide  approach  applied  to  the  vertical 
direction.  The  theories  are  therefore  totally  different,  both  in  appear¬ 
ance  and  in  substance.  The  derivations  Involved  in  this  new  approach  are 
described  In  Sec.  D,  1,  and  the  numerical  results,  together  with  a  dis¬ 
cussion  of  their  limitations,  are  contained  In  Sec.  D,  2.  Recommendations 
for  future  work  are  also  Included  there. 


A.  THE  ASYMMETRIC  STRIP  ANTENNA 


As  indicated  above,  the  studies  conducted  on  this  antenna  have  been 
summarized  in  two  short  papers,  described  In  two  talks  at  professional 
society  meetings,,  and  written  up  in  substantial  detail  in  a  comprehensive 
report.  The  two  short  papers,  both  of  which  appeared  in  Electronics 
Letters,  represent  an  excellent  summary  of  the  antenna's  principal  features. 
For  this  reason,  they  are  reproduced  here  in  Sec.  A,  1.  The  first  paper 
presents  the  structure  of  the  antenna,  its  principle  of  operation,  and  a 
typical  set  of  numerical  results  as  regards  dimensions  and  antenna  per¬ 
formance.  The  second  paper  summarizes  the  transverse  resonance  analysis, 
including  the  transverse  equivalent  network,  and  then  discusses  design 
considerations  in  the  context  of  some  numerical  results. 

The  comprehensive  report,  which  contains  much  more  information,  in¬ 
cluding  derivations  and  additional  numerical  results,  is  reproduced  as 
Appendix  B,  but  is  discussed  briefly  in  Sec.  A,  2, 


NOVEL  LEAKY-WAVE  ANTENNA  FOR 
MILLIMETRE  WAVES  BASED  ON  GROOVE 
GUIDE 


Iniiexini^  fcmis.  H.'Kfiimii.  Leaky-wiive  imirnna.i,  MllUmetn 
uorvs.  tirooiif  Quide 

A  iKw  type  of  l»ky-wuvc  uniennu.  with  a  'iitnple  lonKituili- 
nully  continuous  conriguruiion,  is  dcscrihuil.  'I'he  Hntentiii  is 
hused  on  tlie  gtoove  guide,  a  low-loss  waveguide  for  milli¬ 
metre  waves. 

ImroJuLiiim:  The  groove  guide  was  one  of  several  waveguid- 
ing  structures  proposed  for  millimetre-wave  use  about  20 
years  ago  iti  order  to  overcome  the  higher  attenuation  oc¬ 
curring  at  these  higher  frequencies.  AUhottgh  these  new  low- 
loss  waveguides  were  introduced  many  years  ago,  they  were 
not  pursued  beyonrl  some  initial  basic  studies  because  they 
were  not  yet  needed.  Now,  however,  millimetre  waves  are 
again  becoming  important,  and  attention  is  again  being  paid 
to  new  types  of  waveguide.  Among  these  are  dielectric  strip 
waveguides  of  different  types,  the  H-guide  in  several  forms, 
u.id  th:  groove  guide. 

The  present  letter  describes  a  novel  type  of  fec/ty-auiw  an- 
it'iwa  which  is  based  on  the  groove  waveguide.  Although  lossy 
waveguides  may  be  acceptable  for  components  only  a  wave¬ 
length  or  so  long,  they  are  not  suitable  for  leaky-wave  an¬ 
tennas,  which  may  typically  be  2(Up  to  tOO-ig  in  length,  where 
is  the  free-space  wavelength.  For  these  antetmns,  therefore, 
It  Is  necessary  to  employ  a.  low-loss  waveguide,  and  the  groove 
guide  satisKes  that  requirement.  The  antenna  involves  a  simple 
lim(/iiuJitially  confinuuus  structure:  as  a  result,  it  should  be 
easy  and  cheap  to  fabricate,  and  can  probably  be  made  by  a 
sinipic  extrusion  process,  in  view  of  the  small  size  of  wave- 
guiding  structures  ut  millimetre  wuveiengtht,  Isnky-wave  an¬ 
tennas  form  a  natural  class  of  antennas  for  these  waveguides. 

The  antenna  has  been  ant<lyseri  in  un  almost  rigorous 
manner,  and  a  closed-form  expression  has  been  derived  for  the 
dispersion  relation  for  its  complex  propagation  constant. 
From  numerical  calculations,  we  hnd  that  excellent  control 
can  be  effected  over  the  leakage  constant  a,  so  that  rudiution 
patterns  can  be  designed  in  a  systematic  way. 

Hii.iir  (iroore  wacet/ultle;  The  cross-section  of  the  groove  wave¬ 
guide  Is  shown  in  Fig.  1,  together  with  an  indication  of  the 
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Fig.  I  c>i'vs-\ei'tiiiii  ii/ vvnimetrli'u/,  minriiafullna  i/ri)iii'4' wiiiieauUc 

ilribi  can  eil.ber  oe  left  open.  lU  shown,  or  be  closed  off 

electric  Held  lines  present.  One  should  note  that  the  structure 
resembles  that  of  a  tecturguiar  waveguide  with  most  of  Its  top 
and  bottom  walls  removed.  Since  the  attenuation  associated 
with  those  walls  increases  as  the  frequency  Is  increased,  where¬ 
as  the  attenuation  due  to  the  presence  of  the  side  walls  (with 
ihc  electric  Held  parallel  to  the  wails)  decreases  with  increasing 
I'rcquency.  the  overall  attenuation  of  the  groove  waveguide  at 
higher  frequencies  is  nr.uch  les.s  than  that  for  a  rectangular 
waveguide.  The  reduced  attenuation  loss  will  therefore  inter¬ 
fere  negligibly  with  the  leakage  loss  of  the  novel  antenna  to  be 
described. 

The  greater  width  in  the  middle,  or  central,  region  was 
shown  by  T,  Nakahara,''^  the  Inventor  of  the  groove  guide,  to 
icrve  as  iha  mechanism  that  conHnes  the  Held  in  the  vertical 
direction,  much  as  the  dielectric  central  region  does  in  the 


H-guide.  The  Held  thus  decays  exponentially  away  from  the 
central  region  in  the  narrower  regions  above  and  below,  If  the 
narrower  regions  are  sufficiently  long,  it  does  not  matter  if 
they  remain  open  or  arc  closed  off  at  the  end.s. 

Work  on  the  groo-e  guide  progressed  in  Japan^-^  and  the 
United  Slates*'*’  until  the  middle  IDWls.  but  then  stopped 
until  it  was  revived  and  developed  further  by  0.  J.  Harris  and 
his  colleagues  in  Wales  (see,  ft>r  cxantple.  References  /  and  8), 
To  our  knowledge,  the  present  letter  represents  the  Hist  con¬ 
tribution  to  antenna.'!  bused  or  the  groove  waveguide. 

Operating  principle  of  new  leaky-wave  antenna:  The  new  leaky- 
wave  antenna  is  shown  in  Fig.  2.  The  basic  difference  between 
the  .structures  in  Figs.  I  and  2  is  that  in  Fig.  2  a  eomlnunus 
metal  strip  of  narrow  width  has  been  added  to  the  guide  in 
asymmetrical  fashion.  Without  that  strip,  the  field  of  the  basic 
m^e  of  the  symmetrical  groove  waveguide  is  evanescent  vert- 
icaltv,  so  that  the  field  has  decayed  to  negligible  values  as  it 
, -caches  the  open  upper  end.  The  function  '<r  the  usym- 
mstrically  placed  metal  strip  is  to  produce  some  amount  of 
net  horizontal  electric  Held,  which  in  turn  sets  up  a  mode  akin 
to  a  TEM  mode  between  parallel  plates.  The  Held  of  that 
mode  propagates  all  the  way  to  the  top  of  the  waveguide, 
where  it  leaks  away.  It  Is  now  necessary  to  close  up  the 
bottom  of  the  waveguide,  us  seen  in  Fig.  2,  to  prevent  radi¬ 
ation  from  the  bottom,  and  (nonelectricaily)  to  hold  the  struc¬ 
ture  together.  Of  course,  the  upoer  walls  could  end  as  shown 
in  Fig.  2  oi  they  could  attach  to  a  ground  plane. 


Fig.  2  Crem-.iicilon  of  novel  leak\'-wa\>*  aiiiennit,  where  Icikaut  Is 
proiim  eil  hy  introtluctlun  of  an  asymmetric  twilfnuua.i  metal  strip 

Wo  now  have  available  a  leaky- wave  line-source  uniennu  of 
simple  construction.  The  value  of  the  propagation  wave 
n  amber  II  of  the  leaky  wave  is  governed  primarily  by  the 
properties  of  the  original  unperturbed  groove  guide,  and  the 
value  of  the  attenuation  constant  x  is  controlled  by  th^-  width 
and  location  of  the  perturbing  strip. 

Typical  set  of  numerical  re.iults:  ...  wiili  any  leuky-wuve  an¬ 
tenna,  one  can,  by  suitably  changing  the  dimensions  and  the 
frequency,  obtain  a  variety  of  scan  angles  and  leakage  con¬ 
stants.  Let  ut  choose  as  n  typical  case  a'/a  <»  0-70,  h/a  ~  0-80. 
c/a  m  1-215,  c'la  m  0-145,  c'-u  1-50,  A/a  ••  0-21  and  X|„'ii  >• 
T20.  For  this  particular  set  of  dimensions,  our  calculations 
yield  /l/kg  «  0-749  and  x/fcg  »  ft- 24  x  10  *.  This  value  of  leak¬ 
age  constant  x  yield*  a  leakage  rate  of  about  0-34  dB  per 
wavelength,  resulting  in  an  anleniiu  about  30Ag  long  if,  qi  ii 
customary.  90%  cf  Ihc  power  Is  to  be  radiated,  with  the  re¬ 
maining  10'--..  dumped  into  a  load.  The  resulting  beam  width 
of  the  radiation  is  approximately  2-9'.  and  the  beam  radiates 
at  an  angle  of  about  49  to  the  normal.  At  a  frequency  of  50 
GHz,  for  example,  dimension  a  would  be  0-50  cm  and  the 
antenna  would  be  18  cm  long. 

We  have  described  here  a  new  type  of  leaky-wave  antenna 
suitable  for  millimetre  waves.  It  is  based  on  the  groove  guide, 
which  is  a  low-loss  waveguide,  so  that  the  waveguide  attenu¬ 
ation  will  interfere  nrollgibly  with  the  leakage  process.  The 
structure  is  simple  and  longitudinally  contmuous,  rendering  it 
attractive  for  fabrication  at  the  small  wavelengths  In  the 
millimetre-wave  range. 
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THEORY  AND  DESIGN  CONSIDERATIONS 
FOR  A  NEW  VIILLIMETRE-WAVE  LEAKY 
GROOVE-GUIDE  ANTENNA 


InJtxItK)  terms:  Antennas,  Leuky-wuve  unli’iind,  Millimetre 
wanes,  (ironve  i/uitle 

A  (riiniverse  eguivuicnt  network  ii  presented  for  a  new  type 
of  leaky-wave  antenna  baled  on  the  groove  guide  and  suit¬ 
able  for  millimetre  waves.  Employing  this  network,  thn  an¬ 
tenna's  performance  characteristics  are  explained  and 
systematic  design  coniiderailons  are  deduced. 

IntroJualon;  A  recent  paper*  discussed  a  new  type  of  leaky- 
wave  antenna  for  millimetre  waves  based  on  the  groove  guide. 
The  operating  principle  underlying  the  new  antenna  was  pre¬ 
sented  there,  together  with  background  relating  to  the  basic 
groove  guide  and  the  presentation  of  a  typical  set  of  numerical 
performance  data. 

As  stated  there,  the  antennu  is  created  by  the  introduction 
into  the  basic  groove  guide  of  an  additional  longitudinaily 
continuous  metal  strip.  The  strip  is  introduced  in  dsymmetrical 
l^ashion  so  as  to  produce  some  net  horizontal  electric  field.  In 
efTect,  a  new  tramverse  moiit  is  created  thereby,  which  propa¬ 
gates  all  the  way  to  the  top  of  the  waveguide,  where  it  leaks 
away,  thus  transforming  the  initially  Itound  mode  Into  a  leaky 
one. 

The  leaky-wave  antenna  has  been  analysed  by  deducing  the 
proper  iran.simrae  eifulvaleni  network,  deriving  simple  closed- 
form  espreuioni  for  the  various  parameters  of  this  network, 
and  then  obtaining  the  dispersion  relation  for  the  complex 
propagation  constant  of  the  leaky  mode  from  the  lowest  res¬ 
onance  of  the  transverse  equivalent  network.  The  resulting 
expression  for  the  complex  propagation  constant  is  also  in 
closed  form,  and  is  Judg^  by  us  to  be  very  accurate. 

From  this  expreulon,  numerical  calculations  were  made  of 
the  antenna's  performance  characteristics,  and  their  depen¬ 
dence  on  the  various  dimensional  parameters  of  the  antenna. 
From  these  results  we  noted  certain  radiation  peculiarities, 
due  to  the  presence  of  a  transverse  standing  wave,  and  we 
were  then  able  to  deduce  lysiematic  design  considerations 
which  permit  one  to  optimise  the  antenna  performance. 

In  this  letter  we  Aral  present  the  transverse  equivalent  net¬ 
work  and  discuss  the  transverse  modes  which  are  coupled  by 
the  added  continuous  strip.  Then,  utilising  thia  traniverae 
equivalent  network,  we  explain  the  performance  behaviour 
obtained  as  )he  values  of  dimensional  parameteri  are  varied. 


fienn 

Fig.  1  Crass-ueilon  of  noiwl  leaky-wane  antenna,  where  leakat/e  Is 
produeed  by  tmrojuelinn  of  in  asymmetric  cmlinupiu  metal  strip 

and  hnally  we  outline  the  design  considerations  for  opti¬ 
misation,  again  employing  the  transverse  cquivaient  network. 

Transverse  resonance  analysis  of  the  new  antenna:  Tlie  basic 
structure  of  the  new  leaky-wave  antenna  Is  given  in  Fig.  I.  As 
discussed  In  Reference  I,  it  Is  the  added  continuous  strip  of 
width  it  that  iniruduees  asymmetry  into  the  biiiiic  groove  guide 
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and  creates  the  leakage.  The  strip  therefore  gives  rise  to  an 
additional  transverse  mode  and  couplet  that  mode  to  the  orig¬ 
inal  Iransveise  mode  which  by  itself  would  be  purely  bound. 

The  itansverse  equivalent  network  for  the  cross-section  of 
the  structure  shown  in  Fig.  I  must  therefore  be  bused  on  these 
two  transverse  modes,  which  pinpagate  In  the  .v  direction  and 
are  coupled  together  by  the  narrow  asymmetrical  strip.  These 
coupled  transverse  modes  then  combine  to  produce  a  net  TE 
longitudinal  mode  |in  the  x  direction)  with  a  complex  propa¬ 
gation  constant  /)  -  ja. 

!n  view  of  the  uniformity  of  the  structure  along  the 
appropriate  transverse  modes  are  the  i  »  0  and  t  •  I  /f-iype 
(or  LSE)  modes  with  respect  to  the  :  direction.  The  complete 
equivalent  network  baaed  on  these  transverse  modes  is  ^ven 
in  Fig.  2.  In  the  network,  which  has  been  placed  on  its  side  for 
clarity,  the  I  >  I  transmission  tinea  represent  the  original 
mode  with  a  half-ilne-wave  variation  in  the  x  direction  in  Fig. 
i,  and  the  i  •  0  itansmiasion  lines  represent  the  new  mode 
which  has  no  variation  with  x.  In  the  central  region,  corre¬ 
sponding  to  the  unprimed  parameters,  both  the  i  -  1  and 
I  m  0  tiansmission  lines  are  above  cutoff;  in  the  outer  (primed) 
regions,  however,  the  i  -  I  transmission  lines  are  below  cutoff 
but  the  f  w  0  ones  are  above  cutoff,  leading  to  standing  waves 
in  sentions  c,  c’  and  c”,  and  to  radiation  via  G^, 


Fli.J  Transveriie  eifulvuleni  network  for  siruciare  whose  cross-section 
is  shuWN  In  Flp,  1 

Fur  clarity,  the  network  is  placed  horizontally  riihtr  than  verti¬ 
cally 

Although  the  Helds  in  the  i  -  I  tranimluion  linn  oflength  e' 
are  evanescent,  c’  Is  aulUclently  ihort  that  the  added  strip 
located  at  c*  can  convert  some  of  the  I  •  I  mode  power  into 
the  1*0  mode.  The  amount  of  power  converted  per  unit 
length  clearly  depends  on  the  length  c’  and  the  width  6  of  the 
strip.  Particular  note  should  be  made  of  the  simple  form  of  the 
network  at  c’  which  couples  the  two  transmission  lines.  That 
form  and  the  expressions  for  the  elements  in  that  network 
were  derived  using  small  obstacle  theory  in  a  multimode  con¬ 
text;  it  wa.«  necewtry  to  extend  the  formulatloni  avalltble  in 
the  literature  because  one  of  the  constituent  tranimiiiion  lines 
(I  •  t)  is  below  cutoff. 

Space  does  not  permit  listing  the  espresiions  for  the  various 
constituents  of  this  network,  nor  the  Anal  expression  for  /)  and 
a,  but  they,  together  with  their  derivations,  will  soon  be  pre¬ 
sented  for  publication.  It  should  be  mentioned,  however,  that 
the  theoretical  expressions  for  the  individual  constituents,  as 
well  as  for  ^  and  %  are  in  closed  form. 

O'slgn  considerations:  In  order  to  systematically  design  radl- 
aiiun  patterns,  one  mutt  be  able  to  taper  the  antenna  aperture 
amplitude  disuibutlon  while  malntai.iing  the  phase  linear 
along  the  aperture  length.  i.e.  one  mutt  be  able  to  vary  «  while 
keeping  d  the  tame.  Fortunately,  several  parameters  can  be 
varied  that  will  change  a  while  affecting  p  hardly  at  all;  the 
best  ones  are  i  and  c,  if  c  is  long  enough. 

Since  the  i  0  traniverse  mode  Is  above  cutoff  in  both  the 
central  and  outer  regions  of  the  guide  cross-section,  however, 
a  jtandinu  wave  effect  is  present  in  the  (  *  0  transmission  line. 

Ax  a  result,  a  short  circuit  can  occur  in  that  transmission  line 
at  thr  position  of  the  coupling  strip  of  width  d,  ind  the  value 
of  I  then  becomes  aro.  Hence,  we  must  choose  the  dimen¬ 
sions  to  avoid  that  condition,  and  In  fact  to  optimise  the  value 
of  a. 

In  the  design,  one  Arst  choosei  the  width  u  and  udjuala  a' 
and  h  to  achieve  the  desired  value  of  ft/kg,  which  is  determined 
esscnlially  by  the  I  t  transverse  mode.  That  value  of  fi/ko 
immediately  ipeciAcs  the  angle  of  the  radiated  beam.  It  la  then 
tevogniaed  that  die  value  cif  a  can  be  Increased  If  the  coupling  _39_ 
strip  width  (i  Is  increased,  or  if  the  distance  c'  hetweeu  the  step 
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junction  and  the  coupling  strip  is  decreased,  since  the  coupling 
strip  is  excited  by  the  i  >  1  transverse  mode,  which  is  evanes¬ 
cent  away  from  the  step  junction  in  the  outer  regions.  After 
those  dimensions  are  chosen,  the  length  c  must  be  determined 
such  that  the  standing-wave  efTect  mentioned  above  optimises 
the  value  of  a.  If  c  is  sulTiciently  long.  It  will  affect  only  the 
i  •  0  transmission  line  and  influence  ^  negligibly.  The  length 
c“  also  affects  «  strongly  and  p  weakly,  and  it  also  must  be 
optimised  because  another,  although  milder,  standing  wave 
exists  between  the  coupling  strip  and  the  radiating  open  end. 

We  have  obtained  numerical  values  in  graphical  form  of  the 
variation  of  x  and  p  with  each  of  these  dimensional  par¬ 
ameters,  so  that  design  optimisation  can  proceed  in  systematic 
fashion.  However,  we  present  here,  in  Figs.  3a  and  b,  respec¬ 
tively,  only  a  curve  of  a//to  as  a  function  of  c'  (Fig.  3d),  and  the 
value  of  c  -i-  St'  (Fig.  3b)  that  must  be  selected  so  u  to  achieve 
the  optimised  value  of «  given  in  Fig.  3a.  In  effect,  therefore, 
Fig.  3b  indicates  the  value  of  e  required  once  a  (via  c')  is 
specified.  It  is  interesting  to  note  that  c  -f-  c'  Is  almost  constant 
for  optimisation. 


Fig.  3 

a  Leakage  constant  v'ko  of  leaky-wave  antenna  shown  in  Fig.  I  u 
a  function  of  distance  c'/a  of  perturbing  strip  from  step  Junction 
i  Optimum  vilue  of  leakage  oonsttnt  e/ko  aa  a  function  of 
(i  +  c')/(i  required  (or  opiimlsetion 


It  ia  important  to  realise  that  the  dimensions  for  opti¬ 
misation  are  InJtptndeni  of  frequtncy,  since  the  transverse- 
wave  numbers  are  all  frequency-independent.  Of  course,  when 
the  frequency  is  altered  the  values  of  p  and  a  wilt  change,  but 
the  dimensional  optimisation  is  undisturbed.  In  fact,  for  the 
dimensions  discu.ised  above,  the  radiated  beam  can  be 
scanned  with  frequency  from  about  13°  to  nearly  60°  from  the 
normal  before  the  next  mode  begins  to  propagate. 

The  new  leaky-wave  antenna  suitable  for  millimetre  waves, 
for  which  the  transverse  resonance  analysis  and  design  con¬ 
siderations  are  presented  here,  is  therefore  capable  of  straight¬ 
forward  understanding  and  systematic  design.  It  is  also 
sufficiently  flexible  with  respect  to  the  dimensional  parameters 
which  can  be  varied  that  a  reasonably  wide  range  of  pointing 
angles  and  beam  widths  can  be  achieved  with  it. 
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Dlscuaalon  of  Comprehenalve  Report 


The  two  short  papers  comprising  Sec.  A,  1  summarize  the  main  features 
of  the  asymmetric  strip  antennai  but  they  necessarily  omit  much  material 
because  of  their  limited  length.  For  that  reason,  a  comprehensive  report 

was  written  to  supplement  the  short  papers  and  present  the  remaining  in- 

¥ 

formation.  Because  this  comprehensive  report  was  submitted  only  a  few 
months  ago  to  the  Mr  Force,  and  it  has  not  yet  been  distributed,  it  Is 
Included  here  as  Appendix  B.  In  this  way,  It  is  available  now  as  part  of 
the  total  discussion  of  Che  various  new  antennas  based  on  groove  guide. 

It  is  also  useful  to  have  It  available  because  some  of  the  derivations  in 
Sec.  B  rely  heavily  on  material  contained  in  this  report. 

The  form  of  the  transverse  equivalent  network  was  presented  in  Sec.  A, 
1,  In  the  second  paper,  but  no  expressions  were  given  for  the  constituent 
elements  of  thi.i  network,  and,  of  course,  no  derivations  were  included  of 
these  expressions.  Accordingly,  detailed  derivations  of  the  verioua  ex¬ 
pressions  are  presented  in  this  comprehensive  report;  in  fact,  about  half 
of  the  report  is  devoted  to  these  derivations.  The  considerations  include 
first,  the  transverse  modes  that  must  be  used  to  cope  with  their  hybrid 
nature  in  Che  transverse  direction,  and  then  the  representations  for  the 

discontinuity  structures  present  in  the  cross  section.  Including  the  step 

junction,  the  asymmetric  strip,  and  the  radiating  open  end.  Special  atten 

tlon  must  be  paid  to  the  asymmetric  strip,  that  couples  the  incident  bound 

i  ■  1  transverse  mode  to  the  radiating  1*0  transverse  mode.  That  struc 
ture  was  analyzed  using  small  obstacle  theory  In  a  multimode  context,  but 
it  was  also  necessary  to  extend  the  available  theory  to  include  the  fact 
that  one  of  the  modes  is  below  cutoff.  All  these  considerations  are 
created  in  detail. 

Many  additional  numerical  results  are  presented  near  the  end  of  the 
report  so  that  one  has  available  the  dependence  of  the  phase  constant  0 
and  the  leakage  constant  a  on  each  of  the  possible  geometric  parameters. 
For  the  design  of  leaky  wave  antennas,  one  wants  to  be  able  to  vary  a 


without  affecting  5,  and  vice  versa.  These  results  offer  guidance  in 
that  context,  and,  of  course,  recommendations  are  given  as  well.  These 
recommendations  are  also  to  be  taken  in  connection  with  the  optimiaation 
and  other  design  considerations  presented  there. 

Section  E,  I  of  this  report  contains  some  general  rules  regarding  the 
behavior  of  leaky  wave  antennas  in  general.  As  mentioned  in  Part  I,  this 
section,  with  minor  changes,  has  been  reproduced  as  Sen.  C  of  Part  1  be¬ 
cause  it  is  relevant  to  all  the  leaky  wave  antennas  treated  here,  and  is 
of  basic  general  interest. 

Lastly,  it  should  be  remarked  that  the  asymmetric  strip  antenna  is  an 
example  of  how  the  initially  bound  dominant  mode  of  groove  guide  can  be 
transformed  into  a  leaky  mode  by  the  introduction  of  asymmetry.  The 
asymmetry  could  be  Introduced  in  many  different  ways,  depending  on  con¬ 
venience.  This  structure  was  chosen  because  it  was  amenable  to  accurate 
analysis,  as  well  as  being  reasonably  simple  in  structure. 


B.  THE  LEAKY  MODE  SPECTRUM  OF  GROOVE  GUIDE 


It  turns  out  that  only  the  dominant  mode  o£  groove  guide  is  purely 
bound,  and  that  all  higher  i&cd».s  are  leaky.  Nakahara  and  Kurauchi  [9] 
had  shown  toward  thn  ^iid  of  an  article  many  years  ago  that  the  odd  higher 
modes  were  leaky  bun  they  gave  no  indication  of  the  magnitude  of  that  leak¬ 
age.  Ue  extended  their  result  to  show  that  all  higher  even  modes  are  also 
leaky,  and  we  derived  appropriate  transverse  equivalent  networks  for  the 
first  higher  (n  >  3)  odd  mode  and  first  higher  (n  ■  2)  even  mode,  and 
computed  from  them  the  extent  of  the  leakage  and  its  dependence  on  fre¬ 
quency  and  dimensional  ratios. 

As  mentioned  earlier,  these  studies  have  been  summarised  in  two  short 
papers  and  in  two  talks  before  professional  society  symposia.  The  two 
papers  summarize  the  main  features  of  the  studies,  and  they  present  the 
physical  basis  for  the  higher-mode  leakage,  the  form  of  the  transverae 
equivalent  networks  (but  no  expressions  or  derivations) ,  und  soma  numer¬ 
ical  results  with  physical  discussion.  The  two  papers  overlap  somewhat  in 
content,  but  differ  in  stress  In  addition  to  other  content.  The  first 
paper,  which  appeared  in  Alta  Frequenza  in  1983,  treates  only  the  odd 
higher  modes,  contains  remarks  about  the  dominant  mode,  and  Includes 
explanations  of  why  the  curves  of  a  and  0  behave  physically  tha  way  thty 
do  as  a  function  of  frequency  and  dimensions.  The  second  paper  Is  con¬ 
cerned  primarily  with  a  comparison  between  tha  odd  and  the  even  higher 
modes,  with  respect  to  the  behavior  of  a  and  B  and  the  difference  In 
polarization  of  the  radiation. 

Because  these  two  short  papers  furnish  an  axcellcnt  summary  of  the 
conclusions  reached  by  these  studies,  they  are  reproduced  here  as  Sec.  B,  1. 

The  expressions  for  the  constituents  of  the  transverse  equivalent 
networks,  and  the  derivations  of  those  expressions,  are  presented  in 
Sees.  B,  2  and  B,  3  for  the  first  higher  odd  mode,  n  ••  3,  and  tha  first 
higher  even  mode,  n  “  2,  respectively. 


It  should,  of  course,  be  understood  that  these  two  leaky  inodes  fur¬ 
nish  the  basis  for  tvTo  new  leaky  wave  antennas.  The  leakage  from  the 
n  ■  3  mode  occurs  in  the  form  of  the  n  ••  1  mode,  with  E  parallel  to 
the  walls.  If  the  structure  is  maintained  vertical,  the  radiation  will 
then  be  vertically  polarized.  Since  the  leakage  from  the  n  <■  2  mode 
occurs  In  the  form  of  the  TEM,  or  n  ■  0  ,  mode,  the  radiation  from  that 
antenna  will  be  horizontally  polarized. 
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1.  Summary  of  Principal  Features 


(a)  BOUND  AND  LEAKY  MODES  IN 

SYMMETRICAL  OPEN  C.ROOVE  GUIDE 

by  P.  Lamparlello  and  A.  A.  Ollnot 


(b)  THE  LEAKY  MODE  SPECTRUM  OF  GROOVE  GUIDE 
by  P.  Lamparlallu  and  A.  A.  Ollner 
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Bound  and  leaky  modes 
in  symmetrical  open  groove  guide 


Paolo  Lamparleilo 

DIPARTIMENTO  Dl  ELETTRONICA,  UNIVERSITA  DI  ROMA 
VIA  EUDOSSIANA,  18  -  00184  ROMA 

Arthur  A.  Oliner 

POLYTECHNIC  INSTITUTE  OF  NEW  YORK 
333  JAY  STREET  •  BROOKLYN,  N.Y.  11201 


Abitr^ct.  It  1*  shown  thut  on  symmetrical  open  groove  guWc,  which  wu  proposed  some  years 
ago  as  a  low-loss  waveguide  for  millimeter  waves,  the  dominant  mode  it  purely  bound  but  all 
higher  modes  are  leaky,  Analytical  expiestlani  and  numerical  values  are  obuined  for  the  pro¬ 
pagation  characteristics  of  the  dominant  and  first  higher  modes.  Including  the  leakage  constant 
for  the  latter. 


1,  INTRODUCTION 


Ciroove  guide  is  one  of  several  wavegulding  structures 
proposed  for  millimeter  wave  use  about  20  years  ago  in  order  to 
overcame  the  higher  attenuation  occurring  at  these  higher 
frequencies,  Although  these  new  law-lost  waveguides  were 
introduced  many  yean  ago,  they  were  not  pursued  beyond 
some  initial  basic  studies  because  they  were  not  yet  needed. 
Now,  however,  millimeter  waves  are  again  becoming  important, 
and  attention  Is  again  Iteing  paid  to  new  types  of  waveguide. 
Among  these  are  dielectric  sinp  waveguides  of  different  types, 
II  guide  in  several  forma,  and  groove  guide. 


The  earlier  theories  either  neglect  entirely  the  luiceptance 
contribution  from  the  step  junction  in  Fig,  1,  or  they  perform 
mode  matching  theie  so  that  the  diipersion  relation  involves  in¬ 
finite  sums  which  produce  a  complicated  dlspenlon  relation 
even  after  truncation.  Our  approach  was  to  derive  aiimple  but 
accurate  expreiilon  for  the  suiceptancf  of  the  ites  junction,  ex¬ 
trapolating  from  a  llttlfknown  but  available  teiult  for  a  cloiely 
related  dbcontlnulty.  An  accurate  transvene  equivalent  net¬ 
work  then  becomes  available  In  which  all  the  elements  are  repre¬ 
sented  by  simple  clcisud-form  expressions. 


},  PliySlCAL  BA.SIS  FOR  l.KAIO\aK  OF  HIGHER  MODES 


2.  THE  DOMINANT  MODE  OF  GROOVE  WAVEGUIDE 


The  basic  form  of  open  symmetrical  groove  guide  Is  shown 
ill  Fig.  1,  together  with  an  Indleatlnn  of  the  electric  field  lines 
present  for  the  lowest  mode.  One  sho'ild  note  thii  the  structu¬ 
re  resembles  that  of  rectangular  waveguide  with  most  of  the  top 
and  bottom  wails  removed.  The  attenuttlon  associated  witii 
those  walii  Increases  os  the  frcnuciicy  Is  increased,  whereas  the 
attenuation  duo  to  the  tide  wills  (with  the  electric  field  parallel 
to  ihe  walls)  decreases  with  Inerrsilng  frequency,  Therefore,  the 
uvemil  iiiienuaiiun  fnr  groove  guide  at  higher  frequencies  it 
ver)'  much  less  than  that  for  rectangular  waveguide, 

!‘hc  greater  width  In  the  middle  region  was  shown  by 
I .  Nukahuru  1 1 .2 1,  the  invtntoi  of  groove  guide,  to  serve  a.s  the 
mechanlttn  that  confines  the  field  in  the  vertical  direction, 
nil  "h  as  the  dielectric  central  region  does  In  H  guide  The  tle-ld 
ihui  decays  exponentially  away  froiri  the  centsriil  region  In  the 
narrower  regions  above-  and  below.  Work  on  the  groove  guide 
progreued  In  Japan  12, .Ij  and  in  the  United  States  |4-dl  until 
the  middle  HMD's,  but  then  stopped  until  It  wu  revived  and 
devulopcu  ibrther  by  D.j,  Harris  and  co-workers  |7,8|  in  Wales. 

It  hat  been  shown  In  the  previous  piiblieatinnt  that  the 
dumiiiiint  mode  In  groove  guide  is  a  TE  mode  In  the  longitudi¬ 
nal  direction  whose  titeoretieai  propagation  eharacteristlct  agree 
reasonably  well  with  nieaiuremcnu.  The  first  portion  of  the 
present  Investigation  involves  the  derivation  of  an  Improved 
dispersion  relation  for  the  dominant  mode  which  is  more 
accurate  than  any  given  previously  and  is  acloted-fumi  transcan- 
dental  relation  that  does  not  require  any  summatiun  of  terms. 
Tills  result,  simple  In  for,Ti  and  uceuraie,  agrees  better  with 
nu'tisured  data  |J|  than  any  earlier  theoretical  resulu  over  a 
wide  range  of  p,irainvter  values. 


The  second  pocilon  of  uiir  study,  which  InvolvH  the  mqjor 
contribution,  relates  to  the  leaky  wave  nature  of  the  hlghei 
mndes  of  groove  guide.  The  leaky  wave  nattire  of  these  modes 
wu  originally  noted  by  Nakahara  and  Kurauchi  |2|,  and  was 
brought  to  our  attention  by  Prof.  D.J.  Harrii.  By  examining 
the  simple  lelations  among  various  wavenumbers,  Nakahara  and 
Kurauchi  concluded  that  the  dominant  mode  la  alWaya  bound, 
and  that  all  higbtr  modes  art  leaky,  These  eonsiderailoni 
show  whether  itr  not  the  particular  mode  ii  leaky,  but  they  do 
not  Indicate  the  magaltuJ*  of  the  leakage. 

(.)ur  flrii  step  wsi  to  verify  these  original  concluiloiii  and, 
by  extension,  to  obtain  iidditional  information  on  ths  propaga¬ 
ting  nr  evanescent  niturc  nf  various  field  components.  We  then 
denved  a  transverse  equivalent  network  that  takes  Into  account 
tile  coupling  between  the  dominant  and  the  first  higher  trans¬ 
verse  modes.  1'hls  network  Is  shown  In  Fig.  2. 

To  understind  the  propagation  behavior  of  the  first 
higher  longitudinal  mode,  we  Gtst  recogniae  that  the  orosi  sec¬ 
tion  uimenslons  must  be  large  enough  to  permit  both  the  do¬ 
minant  and  the  first  higher  lengitutlinal  modes  to  propagate. 
Looking  In  the  y  direction  In  the  structure  nf  Fig.  I,  vve  observe 
that  at  the  step  Junction  an  I  •  I  transverse  mode  will  couple  to 
all  other  transverse  modes  of  the  same  lymmetryi  l.e..  It  will 
coubic  to  all  I  •  1,  3,  7...  transverse  modes.  In  the  transverse 
equiveirnc  network  of  l-lg,  2,  the  I  •  1  and  I  •  1  transverse 
nodes  are  separated  out,  and  separate  transmission  lines  are 
furnished  lor  each  of  them.  It  is  ntCessaiy  to  derive  expressions 
for  alt  the  pataniecers  ot  the  network  in  Fig.  2.  and  we  have 
oinained  simpie  closcd-tomi  expressions  for  all  of  them.  The 
coupling  suscrpiince  between  tKc  transmlsilon  lines  wu  derived 
using  smidl  obirrcle  theory  in  a  multlmod '  eonicxi. 

W'.cn  the  groove  guide  ii.  '..<clted  in  dondnant  mode 
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I'uhion,  thv  i  >  1  tranimissioii  line  ii  propagating  in  the  central 
region  ot'  width  a,  hut  evanescent  in  the  outer  narrower  regions 
oF  width  a'.  Alsu,  it  can  be  shown  that  the  i  •  3  tranimiision 
line  Is  below  cutoff  everywhere,  so  that  the  dominant  longitu¬ 
dinal  inuile  is  purely  bound.  On  the  other  hand,  when  the 
liniovi'  KuiJe  is  exateJ  in  the  first  hiyher  longituJinal  mode, 
corresponding  to  the  i  •  3  transverse  mode,  the  i  •  3  transmis¬ 
sion  line  is  propagating  in  the  central  region  but  evanescent  in 
the  outer  regions,  liut,  the  i  »  1  transmission  line  can  now  be 
shown  to  be  propaguriwg  in  both  the  central  and  the  outer 
regions,  The  resuit  is  that  the  first  higher  mode  it  leaky,  but 
with  the  interesting  feature  that  the  energy  that  leaks  has  the 
variation  in  .v  of  the  dominant  mode,  not  of  the  first  higher 
mode. 

These  coupled  transverse  modes  therefore  combine  to 
produce  a  net  TIs  longitudinal  mode  (In  the  a  direction)  with 
a  comple.v  propagation  constant,  0  ■  Ja,  Ttum  the  transverse 
equivalent  network  of  h'lg,  2  one  can  readily  derive  the  disper¬ 
sion  relation  in  the  fomi  of  a  transcendental  relation  all  of 
whose  constituents  are  in  a  simple  closed  form.  I'he  leakage 
constant  ot  can  be  found  readily  from  this  dispersion  relation. 

4,  NUMliKICALUKSULTS 

We  now  presettt  .some  numerical  results  for  the  behavior 
of  the  phase  constant  ll  and  the  attenuation  constant  a  of  the 
leaky  mode  that  results  when  the  groove  guide  Is  e.vclted  in 
the  first  filghet  longitudinal  mode  (the  1  •  3  transverse  mode). 
In  Mgs.  3(n)  and  )(h)  we  plot  the  variation  of  (1  and  or  at  a  func¬ 
tion  of  frequency,  We  see  from  Mg.  3(a)  that  fl  it  almost  linear 
with  frequency  at  the  higher  frequencies,  but  Shows  substan¬ 
tial  curvature  near  cutoff.  The  variation  of  a  with  frequency. 
In  Mg.  3(b),  Is  .teen  to  be  almost  hyperbolic  at  the  higher 
fret|uenciesi  nearer  to  cutoff,  a  is  seen  to  rise  lubstantlalty. 

These  variations  follow  directly  from  the  simple  wave- 
number  relationships,  Uy  taking  the  real  part,  and  noting  that 
the  transverse  wavenumbers  are  independent  of  frequency, 
we  find  that  (1  Is  appruglmaiely  linearly  proportlanal  to  the 
frequency  when  a  Is  small,  which  occurs  for  the  higher  fre¬ 
quencies,  Such  behavior  is  In  agreement  with  that  In  h'ig.lCa). 
When  we  take  the  imaginary  part,  we  find  that  the  product  a/i 
should  remain  independent  of  frequency.  In  the  frequency  ran¬ 
ge  for  which  0  It  propuitlonal  to  frequency,  we  thus  find  that 
01  mutt  vary  at  the  reciprocal  of  the  frequency.  In  agreement 
with  Mg,  3(b), 

The  variations  of  (I  and  oi  with  the  dimension  b.  which  Is 
the  height  of  the  central  region,  are  presented  In  Figs.  4(a)  and 
4(1)),  The  behavior  of  a,  in  Mg,  4(1)),  It  particularly  interesting. 
We  r)lnervi’  that  thv  curve  seems  to  he  comprised  of  u  basic 
envelope  svhlelt  decreases  ntoiiDionleiilly  as  li  Increases,  modi- 
fieil  l)y  ii  series  of  nulls  whieh  depress  the  envelope  curve  perlo- 
dleally.  The  basic  envelope  shape  can  he  understood  |thysleallv 
when  sve  reeogni'/e  that  the  k^j  dependence  (of  the  c.sclilng 
mode)  in  the  central  region  varies  with  b.  When  b  is  large,  k),|b 
Is  larger  and  the  variation  of  the  field  in  the  y  direction  in  the 
ventral  region  appro.slmates  u  half-[terlod  tine  wave  In  shape, 
riiut,  the  field  at  the  step  Junctions  it  tubtttntlully  lower  than 
the  field  at  the  middle  of  the  central  region.  At  a  result,  the 
Inii-ruetion  between  the  I  ■  1  and  i  u  3  modes  It  tubitantlsily 


reduced,  and  the  value  of  u  becomes  much  lower.  When  b  is 
small,  ky)  b  is  small,  and  the  field  variation  in  the  central  region 
becomes  only  a  fraction  of  the  half-  period  sine  wave,  so  that 
the  Held  at  the  step  junctions  Is  nearly  the  same  as  that  in  the 
miildle  of  the  central  region,  Then,  the  interaction  between  the 
i  ■  I  and  I  •  3  modes  is  increased,  and  a  increases. 

The  cause  of  the  nulls  in  Mg.  4(b)  may  be  understood  by 
reference  to  the  transverse  equivalent  network  in  l-'ig.  2.  A 
standing  wave  in  the  vertical  direction  is  present  in  the  I  •  1 
mode  in  the  central  region.  When  the  electrical  length  of  that 
standing  wave  is  a  multiple  of  tr,  it  is  seen  from  Fig.  2  that 
a  short  circuit  will  appear  across  the  terminals  In  the  I  ■  1 
transotissinn  line  that  connect  the  i  -  1  line  with  the  exciting 
i  •  3  line.  No  power  is  then  coupled  into  the  I  -  1  line  from  the 
1  «  3  line,  and  no  leak-ige  occurs  for  those  vuiucs  of  b.  Of  course, 
01  b  approaches  xero  those  terminals  arc  again  short-circuited 
and  the  leakage  vanishes,  as  seen  in  Fig.  4(b). 

It  is  therefore  found  that  titc  value  of  the  leakage  constant 
o  varies  with  frequency  and  is  strongly  dependent  on  the  tiimen- 
sion  bi  we  alio  see  that  a  can  vary  from  ttero  to  significant 
values. 

.Vianuicript  received  on  Feliruury  16,  1983. 
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AUS'I'KACl'l',  '  Tlir  niiiile  ipec'.rtiin  iil  ii|>rit  lyiiimcirivul  proiive  K'ilile,  u  hiwdnii  w.ive^uhle  |)rii|)ii«eii  mine  year* 
u^ll  I'lir  inllllinetcr  wavelenKilii  and  iil  intcreit  uxain  tiuluy,  ia  iitveitlguteil  quoiilltuilvely,  t'lie  ili>ininani  miide  it 
purely  buuntl,  ai  li  well  kniiwn,  hut  we  I'lntl  that  nil  kightr  modti  are  ttaky.  Wu  lint  veril'ieil  an  early  pretllcttim  that 
all  the  odd  hl)ther  model  leak,  and  we  find  that  all  even  higher  model  du  alio.  The  leakage  for  the  Iiiweit  odd  and 
even  leaky  tnodei  It  obtained  quantitatively  by  deriving  accurate  troniveric  equivalent  networki,  all  of  whole  de¬ 
menti  are  in  cloMd  [orm. 


INTRODUCTION 

Uruove  guide  li  une  uf  a  group  uf  wuveguliling  ilructureiprii- 
puied  20  or  more  yean  ago  I'or  uie  ut  nilllimeter  wavetenglhi.Tliiiie 
wavegultlei  were  not  puiiued  beyond  lome  Initial  baile  itudiei 
hecauM  they  were  nut  yet  needed,  and  became  adequate  lourcei 
fur  millimeter  wavei  Were  not  yet  available.  Today,  euch  muruet  are 
readily  available,  and  the  many  advantagei  of  millimeter  wavei  are 
breutninH  Inereeiingly  appreciated, 

It  wai  alio  recogniaed  mme  ycari  ago  that  the  ihnrter  wave- 
lengthi  uuucUted  with  mlUlincter  wavei  produce  prohleini  relating 
to  the  intall  il/e  of  enmponenti  and  the  high  attenuation  of  tiie 
waveimidei.  New  typei  ul'  waveguide  were  therefore  propoied 
for  which  the  attenuation  pet  unit  lengtii  would  be  lubltanilally 
lower  than  that  fur  cuitumaty  wuveguidei,  and  for  which,  in  lome 
eaiei,  the  ctoii  lection  dimciiiloni  were  greater.  Oruove  guide  li 
one  uf  the  waveguldei  in  that  category,  and  attention  ii  agulii  being 
paid  to  it  in  the  content  of  componenii  fiit  it  and  new  leaky-wave 
aiiiennae  which  are  baled  on  It.  • 

The  biiic  form  of  upen  lyntinetrlcal  groove  guide  ii  ihowm  In 
KIg,  1,  together  with  un  Indication  of  the  electric  field  Itnei  preient 
for  the  loweit  mode,  Une  ihould  note  Uiat  tile  itructuru  teieinblei 
that  III  rectangular  wavegidde  with  mint  of  the  top  and  hoitoin 
wolli  removed,  file  attenuation  uiiiiciated  with  thou  walli  increiiK-a 
at  the  frequency  li  incteaied,  whereat  the  atienuatlon  due  to  the 
ilde  walli  (with  the  electric  field  parallel  to  uie  walla)  dceteaiei 
with  inereailng  frequency.  Therefore,  the  overall  attenuation  fur 
gtoove  guide  at  higher  Crequenciei  li  very  much  leu  than  that  fur 
rectangular  waveguide. 

The  greater  width  bi  the  middle  region  wai  ihown  by  1'.  Nuka- 
hora,  1964]  the  Inventor  of  gtoove  guide,  to  icrve  ai  ilte 

ineehaniim  that  cunflnei  the  field  In  the  vertical  dlreciiori,  much  ai 
the  dielectric  central  region  duel  bi  11  guide.  The  flehl  thui  tlecuyi 
enpoiientlaUy  away  itoin  the  central  region  In  the  niuiuwer  regioni 
above  uiol  below.  Work  on  the  groove  guide  progreiied  in  Japan 
|T,  Nakaliaru  ■  N.  Kurauelil,  19b4|  II,  Shigeiawa  ■  K.  Taklyanta, 
19(17 1  and  in  the  United  Slatei  [  I' J.Tiicher,  1968|J.W.  Uriemimaiui, 
I9ft4|  N.Y.  Yee  ■  N.K.  Audidt,  196.11  Until  the  middle  lUfiO'a,  hut 
then  iioppeil  until  it  waa  revived  and  developed  further  in  the 
l<j7tl'i  by  l]J.  Ilaii'ia  and  lo  workera  |l)J.  Ilailla  -  K.W.  Ue,  1977) 
UJ.IIarrii  S.Mak,  1981 1'n  Ualea. 

It  hai  been  ihown  In  the  prevhiui  puhUcationi  (hut  the  domi¬ 
nant  mode  In  groove  guide  ii  a  TE  mode  In  the  longitudinal  direc¬ 
tion  whole  theoretical  propagation  chotacterliilci  agree  reuaonubly 
Well  svitlt  ineaiurementi.  Little  li  known,  however,  about  the  ttatiire 
of  the  liight/r  modm.  The  only  rclerence  bt  the  literature  relutea  to 
the  odd  higher  model,  anil  it  corteipondi  to  a  iniall  .aeetiim  in  a 
paper  by  Nokoliara  and  Rurauchi  11964).  Uy  examining  the  liniple 


relatitmi  among  vorioui  wuvenumbera,  theae  atithori  obtained  the 
very  Intereitbtg  concluilon  that  the  dominant  mode  la  alwayi 
bound,  and  that  all  odd  higher  model  are  Uikyt  Theae  coniider. 
utloni  ihuw  uiktthtr  or  not  the  particular  mode  li  leaky,  but  they 
do  nut  indicate  the  mttpiUudt  of  the  leakage. 

A  renent  publication  [P.  Lumporiello  •  A.A,  Ollner,  1982)  turn- 
morlaed  an  Invcitigutlon  by  the  preient  authori  whluh  verified  theae 
qualitative  eimnluiloni,  luttl  developed  an  accurate  cloaed-form 
tiUiwrilon  relation  for  the  mognitude  of  the  leakage  for  the  tint 
higher  odd  mode.  Some  new  reiulti  are  now  preiented  for  the  low- 
eit  leaky  even  mode,  together  with  inme  of  the  earlier  material 
for  the  tint  higher  odd  mode  «>  that  comparlioni  eon  be  maile  be¬ 
tween  them. 

• 

lUUIIKK  ODD  MODES 

After  verifying  the  uriglnttl  [T,  Nakoharu  •  N.  Kurauchl, 
1964]  qualitative  cuncluiioni  for  theae  odd  higher  model,  we  de¬ 
rived  a  (niniverie  iii;utMbm>  Hittworh  that  lukei  into  account  the 
cmipliiig  between  the  dominiin  and  tbe  flrit  higher  odd  trunavrrie 
noMlesi  thli  network  la  ihown  In  ITg.  2.  Eriiin  the  dliperilon 
relatkm  that  followi  from  thli  equivalent  network,  we  have 
ohtabied  quantitaliw  vuluea  of  the  propagation  behavior,  including 
the  leakage  coniiunt. 

Let  Ul  recognlae  that  we  ate  Inveitlgutlng  the  caie  iiir  which 
the  CTOII  leetlon  dlineniiona  arc  large  enough  to  permit  both 
the  dominant  and  the  firit  higher  odd  longitodinal  modei  to  prup- 
eguie.  Looking  in  the  y  direction  of  Eig,  i,  we  then  lee  that 
the  guide  can  be  biltlally  excited  lueh  that  the  Incident  power  ii 
boiically  either  in  the  i  •>  1  ttaniverie  mode,  for  which  the  x 
dependence  ii  a  half  ibie  wave,  or  In  the  1  ■  8  tronuverie  mode,  for 
which  the  x  dependence  cuniaini  three  half  line  wavei.  Theie 
exeitationi  reiult  in  the'n  ■  1  and  it  ■>  8  longittidlnai  model, 
reipectlvely.  In  either  cok,  we  obierve  that  at  dtr  itep  junction  un 
I  w  1  or  I  *  3  troniveric  mode  will  couple  to  all  iiiher  iraniverK 
nindei  of  the  lame  aymnietryi  for  example,  the  1  ■  3  mode  will 
couple  to  oil  of  the  I  ■■  1,  5,  7,  .  .  ,  tronavcrac  model.  In  the 
traniverie  equivalent  network  of  Etg,  2,  the  i  "  1  und  1  ■<  8  troni- 
verac  niitriei  are  leperaied  out,  and  icpurnte  trunantiiilon  llnei  are 
futnlihed  for  each  of  them.  It  ti  neeeiaui'y  to  tleilve  expreiiloni  for 
all  die  purameteri  of  the  iiework  In  ITg,  2.  and  we  have  obtained 
ilniple  cloied.forni  expreiiloni  for  all  of  them.  The  coupling 
luaueplonce  between  the  tri'niitiiiilon  llnei  wua  derived  uiing  imall 
obaiacle  theory  In  a  multimode  context. 

When  the  groove  guide  li  excited  In  dominant  mod*  I'uihlon, 
the  I  ■  1  trunimiiilon  Une  It  prnpagatbig  In  the  central  region  of 
width  a,  but  evoneiccnt  In  the  outer  narrower  regloni  of  width  a'. 
/Mao,  It  con  be  ihown  that  the  I  '•  8  ttaiiiniliiliin  line  la  below  cutoff 
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irverywhere, '  >0  lliui  me  diimindnt  I(ini!ituiiin4il  mode  is  purely 
bound.  On  (hr  other  hand,  when  the  groove  guide  is  eueited  m  t  'te 
first  higher  odd  hngitudinal  mode,  corieipondinn  to  the  i «  3  uaiii 
verse  mode,  the  i  ■■  3  transmission  line  is  propuiiatinK  in  the  central 
rexiim  but  evottesceni  in  the  outer  re^ions.  But,  the  I  *  !  trunsniis- 
siun  line  can  now  be  shown  to  be  piopaffatinit  in  both  the  cenir.)l 
and  the  imier  regions,  fhe  result  is  that  the  first  higher  odd  mode 
is  kaky,  but  with  the  interesting  feature  that  the  energy  that  leaks 
ttu  the  variation  in  a  of  the  dominant  inode,  not  of  'he  first  higher 
mode. 

Th  se  coupled  transverse  modes  combine  to  produce  a  net  'I'H 
loiigi'.oilina]  mode  (in  the  t  direction)  with  a  eompiux  ptopogaikm 
constant,  IS  —  jo,  From  the  transverse  equivalent  network  of  Fig,  2 
one  <-an  readily  derive  the  dispersion  relation  in  the  form  of  a 
transcendental  relation  all  of  whose  constituents  ore  in  a  simple 
eluted  fomt.  Ihe  leakage  constant  a  can  be  found  readily  from  this 
dispersion  relation. 

NUMERICAL  RESULTS  FOR  FIRST  HIGHER  ODD  MODE 

We  now  present  some  numerical  results  for  the  behavior  of  the 
phase  constant  0  and  the  attenuation  constant  <>  of  die  leaky  moilc 
that  results  when  the  groove  guide  is  excited  In  the  first  higher  odd 
longitudinal  mode  (the  1  ^  3  transverse  mode).  We  have  obtained 
numerical  values  for  the  variation  <if  0  and  a  us  a  function  of 
frequency,  of  the  relative  width  a'/a,  and  of  the  aspect  ratio  b/a. 
Only  the  last-mentioned  vorUiiion  wil!  be  discussed  here,  because 
uf  space  Umltailons. 

The  vuriatiiins  of  IS  and  a  with  the  dimenii.ir'  b,  which  Is  the 
height  of  the  centi.d  region,  arc  presented  in  Fig.  3  (a)  and  .3  ,h). 
The  behavior  of  v:.  In  Fig.  3  (b).  It  partlculatiy  inicreiting,  V.'e 
observe  that  the  curve  teems  to  be  comprised  of  a  bulc  envelope 
which  decreases  tnonotnnically  as  b  increases,  modified  by  a  series 
of  nulls  which  depress  the  envelope  curve  periixllcally.  The  basic 
envelope  shape  can  he  understood  physically  when  we  recngnlxe 
that  the  k^j  dependence  (of  the  exciting  mode)  in  Uit  ce.itral 
region  varies  with  b,  Whgn  b  It  large,  ky]b  it  large  and  the  variation 
uf  the  field  in  the  y  direction  in  die  central  region  approximates  a 
half-period  sine  waie  in  shape.  Thus,  the  field  at  the  step  junetluni 
is  lubitiuitially  lower  than  the  field  at  the  middle  of  the  central 
region.  At  a  result,  the  Interaction  between  the  i  ■■  1  a.nd  I  "  3 
modes  it  subiiantlally  reduced,  and  the  value  of  a  becomes  msich 
lower.  Wheif  b  Is  small,  kyjb  is  small,  and  the  field  variation  in  the 
central  region  becomes  only  a  fraction  of  the  half'period  sine  wave, 
so  that  die  field  at  the  step  Junctions  is  nearly  the  same  as  that  in 
the  middle  of  the  central  region,  Ihcn,  the  interaction  between  the 
i  °  1  and  i  ~  3  modes  is  incirased,  and  a  Increases 

The  cause  of  the  nulli  in  Fig.  3  (b)  may  be  understood  by  ref¬ 
erence  to  the  transverse  equivalent  network  In  Fig.  2.  A  standing 
wave  in  the  vetlical  direction  is  piescnl  In  the  i  i*  1  mode  in  (he  cen¬ 
tral  regiuii,  When  the  clearlcal  length  of  that  standing  wave  is  a 
multiple  of  ir,  it  is  seen  from  Fig.  2  that  a  short  circuit  will  appear 
across  ihc  tcrn'liolt  in  Use  1  •  1  transmission  line  that  connect  the 
i  ■  1  line  with  i..e  exciting  i  ■  3  line.  No  power  is  then  coupled  into 
the  I  “  I  line  froi.  tlie  i  “  3  line,  and  no  leakage  oceura  for  those 
values  of  b.  -  ..ourse,  as  h  approaches  aero  those  teimiiioit  ore 
again  short-circuited  and  the  leakage  vanishes,  as  teen  in  Fig.  3  (b). 

HIGHER  EVEN  MODES 

Vhe  rc.uilta  described  .ibove  apply  m  the  spectrum  of  odd 
higher  modes,  We  liiivr  also  exainiiieil  the  spectrum  of  even  higher 
inodes.  Wu  find  there  that  qualitatively  the  tame  leakage  behavior 
is  obtaitied,  but  that  certain  inieresting  differences  appear  in  the 
dependence  of  the  leakage  coiiLtmil  on  the  dinicnsioiiat  iiorumetert. 

When  on  odd  higher  mod  is  incident  in  the  symmetrical  groove 
guide  shown  m  1^;^,  i,  (he  ya  plane  which  bisects  the  structure 
verii,  'y,  beronics  .in  opeincitcuit  wall  (or  magnetic  wall).  Because 
i.f  the  symmetry  of  the  step  junctions,  all  of  the  transverse  modes 
exrncd  at  those  step  jimciiont  also  possess  the  open  circuit  biiec- 


tion  propenv.  llius,  when  the  i  :i  tnn  verse  miule  is  ineideiil. 
the  stc^.  junctio'is  ciiuple  it  m  the  t  =  1 ,  ■>,  7, .  ,  inmles,  anil  wo  8.iW' 
-ihove  that  the  i  1  traiisveise  mode,  Iteing  .ilmve  rund'f  ir.insverse- 
ly  ill  tlic  outer  region  id'  wiilth  a’,  causes  the  r  .suiting  n  =  3  Inngl- 
tndinal  moile  in  be  leaky.  Now,  when  an  eci'ii  higlier  mnde  is  inci¬ 
dent,  say  tile  i  "  2  iransvsise  m-.  .Ic,  the  liiscclinu  yz  plane  lie- 
comet  a  short-circuit  wail  (or  clOLtrIr:  walll.  Tlu-  transverse  modes 
excited  hy  the  symi.ioiric  step  junctions  are  now  the  i  =  (i.  +,  g, 
modes.  Tlie  1  »  4,  fi,  ...  trutisverse  modes  all  letaiii  tin-  h.isie  1-., 
nature  of  tin*  .'xciting  i  ^  2  ninde,  as  do  all  (lie  ndil  modes  (except 
for  the  open  nr  short  circuit  nature  of  the  hiseeiing  y,'.  plaiu).  Ihe 
1*0  transverse  mnde  is  iliffeieiit  in  that  It  rcsemliles  a  I'EM  mode 
beitvecn  parallel  plates. 

The  transverse  -yuivalent  n"t>oi)rk  for  the  longitudinal  n  ”  2 
mode  thus  rci|idres  die  inclusinn  nf  the  I  2  and  the  I  **0  trunsniis- 
sinn  lines,  coupled  together  at  the  step  junctions.  When  the  groove 
guide  is  bisected  hnri/imtnlly  at  tlic  xz  plane,  the  simpliried  bi¬ 
sected  truiuveise  equivulem  network  has  exactly  tlie  same  form  us 
that  in  Fig,  2  for  the  first  higher  odd  inode.  In  fact,  the  appriqiri- 
•te  network  is  achieved.  In  I'omi,  hy  simply  replacing  3  und  1  every¬ 
where  in  the  network  by  2  and  0,  tespcctivciy,  Ihe  expressions 
tcpreseniing  the  parameters  of  ihc  network  are  difl'crent,  of  course, 
but  we  have  again  derived  closed-form  results  for  them. 

Vf'hcii  the  1  "  2  transmission  line  is  excited  we  find  that  in  ihe 
iruitivcrsc  equivalent  nciwntk  the  i  •  2  tranmiissiiin  line  is  propaga¬ 
ting  in  the  central  region  of  width  u,  but  evanescent  in  the  nuter 
narrower  regions  of  width  a'.  On  ilic  titlier  hand,  the  i  •'  0  trunsmli- 
sion  line,  which  corresp'oiids  to  u  TEM-iike  transverse  mode,  is 
above  cutoff  in  both  the  Inner  and  tiu.tcr  regions,  as  we  expect.  As  u 
result,  the  n  •  2  longitudinal  mode,  whicli  it  the  first  higher  even 
inode,  is  leaky,  but  the  transverse  form  of  the  leakage  Is  TEM-iike 
and  nos  nf  the  form  of  the  exciting  i  >  2  mode. 

In  a  sense,  this  leakage  liehuvior  is  similar  to  that  fnund  for 
I  •  3  (first  higher  odd  mode)  excitation,  but  the  pnlarizatioit  of  the 
citetrir  field  of  the  leakage  energy  is  horisuntal  here  wheieas  it 
was  vertical  there, 
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The  varluiioni  of  p  and  a  with  dimension  b,  the  height  nf  the 
centtei  region,  are  presented  In  Figs.  4  (ii)  and  4  (b)  for  the  n  ■■  2 
longitudinal  mode,  whieh  rcvulti  In  leakage  ivlth  a  TEM-iike  trunt- 
verse  form.  The  eurs'es  in  shew  figures  arc  to  lie  compnred  with 
those  ui  Figs.  3  (a)  and  3  (h),  Although  tlie  basic  forms  of  the 
curves  are  clearly  similar,  nninparlson  yields  eerlulil  IntcieHting 
differences,  (It  should  lie  noted  that  for  the  n  »  2  mode  curves  in 
rigs.  4  the  value  of  u'/a  is  0.6.  whereas  the  a'/a  value  lor  the  curves 
in  Figs.  3  is  0.7.  The  reason  for  the  selection  of  the  puillculor  a'/a 
values  Is  diat  ihe  leakage  conllant  a  reached  it;  maximum  in  each 
case  for  approximately  those  values  of  a’/ii,). 

The  most  striking  dillcrence  is  tiiui  the  ieaku.ge  late  for  the 
even  mode  is  much  imoller  than  thsi  for  the  odd  mode  (the  ordi- 
naic  scales  have  been  mode  equal).  Une  can  also  note  that  for  the 
even  mode  the  mdxtmum  iccui.  at  a  larger  value  of  b,  These  differ¬ 
ences  are  doe  primarily  to  ihc  fiolarisatiun  of  the  leakage  energy. 
For  the  odd  mode,  the  leakage  occurs  via  the  i  ^  1  tcansvci.e 
mode,  which  lias  a  ;.redoi,iiniintly  vertical  electric  Held.  That  field 
ennipimeni  has  a  maximum  at  the  htirlamiial  bisc.-u-n  plane 
y  ■■  0,  so  that  the  leakage  can  remain  high  even  near  to  b  *0,  For 
the  even  mode,  the  leakage  li  due  to  the  I  ■  0  mnde,  which  has  a 
horUoinal  electnc  field  that  goes  to  zero  at  the  y  •  iJ  bisccn-n 
plane.  .Sbicc  stronger  leakage  occurs  for  smaller  values  of  b,  as 
comnieiueil  on  earlier,  a  eonttudietlon  arises  for  the  even  mode 
case,  diui  prevenibig  the  leakage  from  reaching  large  values.  The 
same  effect  would  tend  to  push  the  maximum  for  the  even  mode  to 
somewhat  larger  values  of  b. 

It  is  also  seen  that  the  nulls  for  the  two  cases  In  Figs.  3  (b) 
and  4  fh)  occur  at  different  values  of  b,  which  is  to  he  expected 
since  the  transverse  wavenumbers  kyi  und  kvo  are  different.  It 
is  olic  .ibictved  from  Figs.  3  (a)  and  4  (ai  that  the  value  of  P  Is 


Kre.ui.'t  Int  thi;  even  mode,  a  result  eimsiitent  with  the  fact  that  the 
i  ’  :!  mode  is  a  lower  mode  than  U  the  i  ”  3  mode,  sinee  the  exciting 
mode  deiei'tnini  s  the  value  id' jj  to  a  |>redondnant  exicht. 

Ihc  rv|>res.ions  tor  the  susceptanecs  in  the  transverse  equiva¬ 
lent  ii  'tworks  hi.Lome  lets  aeeuratc  for  small  values  of  b/a,  which  it 
I'lccisely  the  larue  in  which  the  values  of  a  are  maximum.  I'hr  mo 
ineric.i'  v.i'.mim  ne.ir  die  miixitna  aie  therefore  not  us  .leetir.ue  as 
iliose  lor  l.tiiM-r  viilites  of  lif.i,  1)111  the  treiiils  .shown  in  I'itt.s.  ;1  .inii 
I  should  iievnihi.'less  he  i  otieel, 

In  stmmi.uy,  this  study  has  shown  lhat  the  aroiive  •tttlde  is  .111 
imeresi'iiyi  ipen  tviivetftlidc.  with  its  doniliutnt  mode  |itirely  lioiintl, 
but  with  all  of  its  higher  inodei,  liolli  even  and  odd,  leaky,  'trans¬ 
verse  equivalcni  networks  were  also  derived,  which  yieided  diS|ier- 
sion  relations  for  the  jl  and  01  of  the  first  hiither  lonniiudinal  ntiidet 
of  even  and  odd  symmetry  1  tome  numerical  values  of  their  iK-havior 
are  presented  above,  and  tile  even  and  odd  modes  are  lompared. 
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Fix.  2  -  Transverse  equivalent  network,  bisected  in  view  of  symme¬ 
try,  for  the  structure  whose  cross  lection  is  shown  in  P'lg,  1 
(For  clarity,  the  neiwork  li  placed  horiionlally  rather  than 
vertically). 
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2.  Derivations  for  the  n  ■  3  (Odd)  Leaky  Mode 


(a)  Wavenumber  Considerations  to  Demonstrate  Leakage 

We  shall  first  present,  following  Nakahara  and  Kurauchi  [9  the 
simple  wavenumber  considerations  that  Indicate  under  what  conditions  the 
r.  “  3  mode  is  leaky. 

When  we  excite  the  groove  guide  In  the  n  ■>  3  mode,  the  field  vari¬ 
ation  In  the  X  direction,  across  the  guide,  possesses  three  half  sine 

I  I 

waves,  so  that  *  ^tr/a  and  k^^  •  Sir/a  .  As  before,  the  primed  and 

unprimed  quantities  refer  to  the  regions  of  narrower  width  a'  and  greater 
width  a  ,  respectively.  More  precisely,  we  should  say  that  the  1  ■  3 
transverse  mode  has  these  x  vs'^iatlons.  If  the  n  ••  3  longitudinal 
mode  Involved  only  the  1  ■  3  transverse  mode,  then  It  would  be  purely 

f 

bound,  with  k^^  real  and  k^^  imaginary.  Actually,  If  the  groove 

guide  cross  section  Is  excited  in  the.  1*3  transverse  mode,  then,  when 
this  mode  is  Incident  on  the  step  junction  between  the  sections  of  widths 
a  and  a'  ,  an  Infinite  number  of  odd  transverse  modes  will  be  excited 
there,  i.e. ,  the  i  *  1,5, 7,9  ...  modes.  Let  us  examine  the  proportiee 
of  the  1  ••  1  mode. 

We  may  write 


+  (2.1) 

+  (2-2) 

since 

y  I*;.  |.  .  ,  (2.3) 


and 


but  we  do  not  yet  know  the  nature  of  and  However,  from  (2.1) 

and  (2. A),  we  note  that 


-*%.  +  (~)»  -  (^)»  +  2(-^)= 


(2.6) 


80  that 


is  real,  and  we  also  obsoirve  that 


so  that 


if 


{kjy  >  *%,  >  0 


(2.6) 


(2.7) 


(2.8) 


which  is  always  true  in  any  practical  groove  guide. 

We  therefore  see  that,  if  (2,8)  is  satisfied,  both  k^^  and  k^^ 

are  real;  the  fact  that  k^^  is  real  means  that  real  power  is  carried  away, 
and  the  overall  mode  is  leaky.  Furthermore,  the  power  that  leaks  has  the 
X  dependence  of  the  1  *•  1  mode,  not  the  1  •  3  mode. 


these  wavenumber  properties  are  viewed  in  the  framework  of  the 
transverse  equivalent  network  shown  in  Fig.  2  of  the  first  paper  in 
Sec.  B,  1,  their  meanings  become  clearer.  For  this  reason,  the  transverse 
equivalent  network  is  repeated  here  for  convenience  as  Fig.  2.1.  Also,  the 
wavenumber  statements  made  at  the  top  of  page  2  of  that  paper  are  proven 
by  reference  to  equations  (2.1)  through  (2.8). 
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Fig,  2.1  Transverse  equivalent  network  for  open  symmetrical  groove  guide, 
corresponding  to  excitation  In  the  first  higher  odd  (n  ••  3) 
longitudinal  mode.  The  network  shows  the  coupling  between  1  ■  1  and 
1  3  odd  transverse  modes,  and  has  been  bisected  to  take  advantage  of 

symmetry.  The  network  has  also  been  placed  on  its  side  for  clarity. 


(b)  The  Mode  Functions  and  the  Field  Components 


m 


Although  the  net  longitudinal  mode  is  a  TE  mode  (E^  ■  0) ,  the  trans¬ 
verse  modes  are  hybrid,  possessing  five  components  of  field.  We  take  ad¬ 


vantage  of  the  fact  that 


0  by  characterizing  these  transverse 


modes,  which  are  hybrid  in  y,  as  H-type  modes  with  respect  to  z  ,  or 

H  -type  modes.  Such  modes,  with  their  orthoganallty  j>ropartles,  have 

been  discussed  In  detail  by  Altschuler  and  Goldstone  [19].  The  modes 

carried  by  the  transmission  lines  In  the  transverse  equivalent  network 

f  z^ 

referred  to  above  are  therefore  the  i  -  1  and  the  1  ■  3  H  -type 
modes . 


The  mode  functions  and  the  field  components  for  these  modeo  have 
been  derived,  and  are  listed  below.  The  transmission  direction  la  y 
for  these  transverse  modes. 
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For  the  i  ■  1  transverse  code 


Au(*i*)  ■=* 

A„(*,z)  — 


-  /i., in  ££*-*.* 

Vo  0 

fT  t  ftx  -ik.t 

k‘-k?  V  0  a  ®®*  0  * 

1  ^  1  jr£  j-J*!* 

/Ayi  do  V  0  0  0 

Ajd^j  ,  j  2  jfg  .yj  I 

■  wry ‘'‘"VT  tM7"°  V 


Efiix.v.t)  -  Vj(y)  e,i(*.o) 

E.  >  _  -V  w  r  I  St,i(x,i) 


E,i(x,y,x)  — 


;*!„  5* 


//,,(x,y  *)  —  /,(v)  A,,(i.s) 


H„(x,y,z)  -  y,  Vi(y)  |^-  J  M*.*) 

H,i{x.y.z)  —  /,(y)  A,i(*.i) 


iw5; 


-  i 

‘  “  y, 


V*.  \,N I, •-i.v v.-‘ v‘- v"- '.■■  V- O' \.'‘<;.r4.r*-r> v»-\r* 


(c)  Turns  Ratios  for  the  Step  Junction 


t 


There  are  two  turns  ratios  for  the  step  junction,  one  each  for  the 
1*1  and  1  ■  3  transverse  modes.  Let  us  designate  them  by  nf  and 

3  ^ 

n^  ,  respectively,  where  the  superscript  s  denotes  "step." 


The  expression  for  n^  is  the  same  as  the  one  that  was  derived  for 
the  1  >■  1  mode  In  the  asymmetric  strip  antenna,  and  It  Is  derived  in 
Appendix  B  in  Sec.  C,  2(a)  there.  The  expression  for  It  Is  given  there 
as  eq.  (15),  which  is 


"I 


eos 


l-( 


ffO* 

3a 


(2.33) 


Proceeding  In  a  fashion  similar  to  that  described  In  Appendix  B,  we 
find  for  the  1  ■  3  mode,  using  (2.21)  for  the  required  mode  function, 


nj 


cos 

(2.34) 


(d)  The  Coupling  Network  at  the  Step  Junction 

The  step  junction  also  coupler  the  1  ■  1  and  1  3  transverse 

modes;  all  the  higher  modes  excited  at  that  junction  are  lumped  into  the 
susceptance  element  y^^  .  The  simplified  form  of  the  coupling  network, 
shown  In  Fig.  2.1  emerging  at  an  angle,  Is  consistent  with  the  small  Ob'* 
Stacie  theory  used  to  evaluate  the  coupling  elements. 


The  viewpoint  adapted  with  respect  to  the-  evaluation  of  the  step 

I  ^ 

Junction  discontinuity  susceptance  Is  the  following.  The  step  ratio  a  /a 
is  usually  0.7  or  greater,  so  that  the  step  la  small  compared  to  the  actual 


% 
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guide  width  Itself.  The  coupling  effect  la  therefore  sufficiently  small 
that,  for  the  polftrizatlona  Involved,  a  reasonably  accurate  result  should 
be  obtained  on  use  of  small  obstacle  theory.  Here,  however,  we  have  a 
step  geometry  rather  than  a  flat  obstacle,  but,  on  use  of  stored  power 
considerations,  we  may  solve  for  the  y^^  for  the  flat  obstacle  case 
and  then  take 


—  0-65  ^11 


(2.35) 


for  the  susceptance  of  the  step.  This  procedure  was  described  In  detail 
In  Appendix  A,  in  Sec.  B,  3  there,  where  It  was  applied  very  successfully. 
The  justifications  will  therefore  not  be  repeated  now. 

The  remaining  consideration  Is  that  small  obstacle  theory  requires 
that  the  obstacle  be  far  from  the  walls.  In  addition  to  being  small,  and 
that  here  the  qbstacle  Is  located  at  the  wall.  That  situation  was  also 
present  In  the  asymmetric  strip  antenna,  where  the  coupling  strip  was 
located  at  the  wall.  As  explained  there  (Sec.  C,  3  In  Appendix  B)  In 
detail,  this  difficulty  is  overcome  by  employing  symmetry.  One  recognizes 
that  the  actual  obstacle  on  the  wall  In  the  actual  guide  Is  equivalent 
to  a  centered  obstacle  of  twice  the  width  In  a  waveguide  of  twice  the 
width,  with  a  higher  order  mode  incident  such  that  the  mid-plane  Is  an 
electric  wall.  The  calculations  should  then  reflect  this  consideration. 

The  appropriate  small  obstacle  theory  has  been  dlscuesed  in  some 
detail  In  Sec.  C,  3  of  the  report  In  Appendix  B,  so  thst  we  shall  not 
repeat  the  details  here  but  Instead  follow  the  procedure  described  there. 
After  reducing  tbe  general  expression  to  scalar  form,  as  appropriate  to 
the  problem  here,  we  may  write,  from  eq.  (25)  of  Appendix  B, 

Hii  “-ywm  {fiY*  Yj  -  t  (2.36) 
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For  our  problem,  1  and  j  are  1  and  3  ,  and 


m  --(a  -  a0“ 
4 


(2.37) 


At  the  obstacle  location,  x  •  -a/2,  the  mode  functions  (2,9),  (2.13), 
(2.  )  and  (2.25)  reduce  to 


/T 

«H0  W  ”  Cfto 

mi-  ^  /E  ^  A  ill. 


(2.38) 


(2.30) 


The  z  dependence  Is  dropped  because  of  the  complex  conjugates  appearing 
in  (2.36).  Finally,  we  need  the  characteristic  admittances  and 
which  are  given  by  (2.20)  and  (2.32),  respectively. 


Using  (2.37)  through  (2.39)  together  with  (2.20  and  (2,32),  we  find 
from  (2,36) , 


yii  -Vii  — ; 


mu  3a 


(2.40) 


We  also  learn  from  the  discussion  in  Sec.  C,  3  of  Appendix  B  that 
In  Sec.  C,  3  of  Appendix  B  Chat  the  tranefomer  turns  ratioa  n°  and 
n^  appearing  In  the  coupling  network  in  Fig.  2.1  are  related  to  the 
susoeptance  elements  y^^^  and  y^^  by 


Vm  “'Vu  nf  n? 


(2.41) 


Vat  —  Fu  nf  nS 


(2.42) 
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la  view  of  (2. AO)  together  with  (2.41)  and  (2.42),  we  obtain 

-  «?  “1  (2.43) 

where  the  superscript  o  signifies  "obstacle." 

Based  on  this  approximate  theory,  the  coupTlvii^  network  has  become 
particularly  simple,  with  the  turns  ratios  becoming  equal  to  unity  and 
the  susceptance  element  being  given  by  (2.3S)  together  with  (2.40). 


(e)  The  Dispersion  Relation 

The  theoretical  approach  employed  in  this  analysia  has  ae  its  con'~ 
clous  goal  a  simple  approximate  transverse  equivalent  network  with  closed- 
form  expressions  for  Its  constituents.  As  a  result •  the  dispersion  rela¬ 
tion  that  corresponds  to  a  free  resonance  of  this  network  will  be  simple 
In  form  and  have  all  Its  elements  in  closed  form.  At  the  same  time,  the 
derivations  have  attempted  to  maintain  reasonable  accuracy  while  striving 
for  simplicity.  The  principal  approximation  relates  to  the  coupling  net¬ 
work,  where  the  value  of  ausceptance  y^^  may  be  on  the  low  aldOt  with  tha 
result  that  the  value  of  a  ,  and  therefore  the  beam  width  of  the  radiation, 
may  be  a  bit  smaller  than  the  actual  value. 


Almost  by  inspection  of  the  transverse  equvalent  network  in  Fig.  2.1, 
we  may  write  down  the  dispersion  relation  as 


y  r,  cot  i -t- yi  + 


— 0  (2.44) 


Fu 


where  coupling  susceptance  is  given  by  (2.35)  together  with  (2.40), 

characteristic  impedances  and  by  (2.32),  and  Y^  by  (2.20), 

and  turns  ratios  n^  and  n^  by  (2.34)  and  (2.33),  respectively. 


There  ie  much  in  these  derivations  that  parallels  those  in  Sec.  B,  2 
above  for  the  n  ■  3  mode,  but  there  are  also  important  differences.  In 
the  derivations  below,  we  point  out  these  differences  where  they  occur. 

(a)  Wavenumber  Cone Iderat ions  to  Demonatrate  Leakage 

We  first  note  that  the  incident  transverse  mode  is  the  i  ■«  2  mode, 
and  that  it  couples  at  the  step  junction  to  the  i  «•  0  mode. 

All  of  the  other  even  modes,  i  -  4,  6 . are  also  excited,  but 

they  only  contribute  to  the  reactive  content  of  the  step  Junction.  To 
show  that  the  higher  even  modes  leak,  and  in  particular  the  n  ■  2  mode, 
which  is  the  first  higher  even  mode,  we  parallel  the  derivation  for  the 
n  ■  3  case.  We  should  note  that  Nakahara  and  Kurauchi  [  9 ]  did  not  con¬ 
sider  the  even  higher  modes. 

To  understand  the  behavior  of  the  1-0  transverse  mode,  l.e., 
whether  or  not  it  is  above  cutoff  transversely,  we  first  write 


4.* 


since 


OTld 


m 


<1 

(2.46) 

(2.46) 

I 

I'n 

(2.47) 

e  ‘  K.w  •! 
1^''  1 

»  |‘  v  ,‘> 

• 

m 

A* -.4“ +  4%.  -*,»  +  ( 4,')“ 


(2.48) 
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because  k  ok  •‘0.  The  1  0  transverse  mode  Is  akin  to  a  TEM  mode 

xo  xo 

traveling  at  an  angle  between  parallel  plates,  so  that  there  Is  no  Eleld 
variation  arross  the  plates.  From  (2. 45)  and  (2.48)  we  observe  that 

+  (2.40) 

From  (2.49)  we  conclude  that 

(2.50) 

and  that 

(*,!,)»  >  >  0  (2.51) 

so  that  both  k  uud  k'  are  real.  An  interesting  difference  between 
yo  yo 

the  even  and  odd  mode  cases  Is  that  In  the  even  mode  case  there  Is  no  re¬ 
striction  necessary,  like  (2.8)  in  the  odd  mode  case. 

Since  k'  is  always  real  no  matter  what  the  ratio  a' /a  ia,  the 
yo 

even  modes  will  be  leaky  under  all  conditions.  Furthermore,  the  power 
that  leaks  has  no  x  dependence,  and  it  propagates  at  an  angle  away  from 
the  groove  region  like  a  TEM  mode. 

(b)  The  Mode  Functions  and  the  Field  Components 

The  form  of  the  transverse  equivalent  network  for  the  n  -  2  even 
mode  is  Identical  to  that  for  the  n  ■■  3  odd  mode,  but  the  constituent 
transmission  lines  are  different  (now  Involving  the  1*0  and  1  •  2 
modes),  and  the  expressions  for  the  constituent  elements  are  different, 
of  course.  For  convenience,  the  transverse  equivalent  network  Is  given 
in  Fig,  2.2.  '  ' 
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Fig.  2.2  Transverse  equivalent  network  for  open  symmetrical  groove 
guide,  corresponding  to  exclt  :•  i  icn  in  the  first  higher 
even  (n  ®  2)  longitudinal  mode.  The  nei.:r;...k  shows  the  coupling  be¬ 
tween  the  i  *  0  and  i  ■  2  even  transverse  modes,  and  has  been 
bisected  to  take  advantage  of  symmetry.  The  network  has  also  be#* ' 
placed  on  its  side  for  clarity. 


The  modes  carried  by  the  i  -  0  and  i  “  2  transmission  lines  in 
(z' 

Fig.  2.2  are  again  H  '-type  modes,  and  the  mode  functions  and  field 
components  for  them  are  now  listed  below.  The  transmission  direction 
for  these  transverse  modes  xs  again  y  . 

For  the  1-0  'ransverse  mode 


(2.52) 


(2.53) 
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(c)  Turns  Ratios  for  the  Step  Juncclon 


The  two  turns  ratios  in  Fig.  2.2  for  the  step  junction  are  n  and 
,  for  the  i  ■  n  and  i  -  2  transmission  lines,  respectively. 


Recognizing  that  the  turns  ratio  is  simply  the  ratio  of  voltage  terms 
on  each  side  of  the  step  junction,  and  following  the  procedure  described 
in  Appendix  B,  we  find  for  the  1  0  mode,  using  (2.52)  for  the  required 

mode  function, 


V? 


(2.70) 


and  for  the  i  -  2  mode,  using  (2.6A), 


Tt/f 


ir 


Bin 


it»' 


(2.77) 


■u  V 


(d)  The  Coupling  Network  at  the  Step  Junction 


1^ 

.V 

i 


As  for  the  n  ■*  3  odd  mode  case  dlscuBsad  in  Sec.  B,  2,  we  employ 
a  simplified  form  for  the  coupling  network,  shown  in  Fig.  2.2  emerging 
at  an  angle,  consistent  with  a  small  obstacle  theory  approach.  The  coup¬ 
ling  network  couples  1  ■  0  and  1  ■■  2  tratWislsslon  lines,  and  the  affect 
of  the  higher  even  modes  excited  at  the  step  junction  is  lumped  into  sus- 
ceptance  element  y^^  . 

Ttie  discussion  presented  in  Sec.  B,  2  for  the  coupling  network  ap¬ 
plies  here  as  well,  and  the  procedure  outlined  there  and  in  Appendix  B 
have  been  followed  in  the  derivation  of  the  coupling  elements.  Equation 
(2.36)  is  employed  here  also,  except  that  1  and  j  now  correspond  to 
0  and  2  .  Polarizability  term  m  is  still  given  by  (2.37).  At  the 
obstacle  location,  at  x  ■  “a/2,  the  mode  functions  (2.52),  (2.62),  (2.56) 
and  (2.68)  reduce  to 
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(2.78) 


The  z  dependence  Is  dropped  because  of  Che  complex  conjugates  present 
in  (2.36).  We  also  need  the  characteristic  admittances  and  * 
which  are  given  by  (2.63)  and  (2.75). 

Using  (2.37),  (2.78)  and  (2.79),  together  with  (2.63)  and  (2.75), 
we  obtain  from  (2.36) 


- 7  ~  ( 2.80) 

WH  4a 

and 

»M  —  a  y„  (2.81) 

From  Che  relations 

Vm  -  Vh  «/  «.*  (2.82) 

Vm  —  Vw  »9  "a  (2.83) 


we  find  that  the  "obstacle"  turns  ratios  become 

n;-l  .  n,*  -n/2  (2.84) 

Finally,  following  (2.35),  wo  write 


TJ,,  «-0.56  y„ 


(2.85) 


We  now  have  expressions  for  a.ll  the  elements  of  the  complete  coupling 
network,  with  susceptance  element  y^^  obtainable  from  (2.85)  and  (2.80), 
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and  the  "obstacle"  turns  ratios  n°  and  n^  given  by  (2.34). 
teresting  to  note  a  difference  here  from  the  n°  terms  for  the 
mode  case.  There,  both  turns  ratios  were  equal  to  unity;  here, 
them  differs  from  unity. 


It  is  in- 
n  ••  3 
one  of 


(e)  The  Disperalon  Relation 


By  virtue  of  the  simple  form  of  the  transverse  equivalent  network, 
the  dispersion  relation  is  again  simple.  It  becomes 


-  j  col  —  + 


(nS)* 


Yi  + 


(nS)« 


1 

7,. 


1 


(2.8B) 


where  the  coupling  suscepcance  is  given  by  (2.80)  together  with  ■ 

(2,85),  characteristic  admittances  and  by  (2.63)',  Y^  and  Y2 

by  (2.75),  and  turns  ratios  n“  ,  n^  and  nj  by  (2.76),  (2.77)  and 
(2.84),  respectively. 


The  general  remarks  made  in  connection  with  the  n  3  (odd)  mode 
apply  here  as  well. 
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C.  ANTENNAS  BASED  ON  THE  n  -  2  LEAKY  MODE 


In  Sec.  B,  3,  we  presented  derivations  of  the  expressions  for  the 
constituents  of  the  transverse  equivalent  network  representative  of  the 
n  ■  2  higher  node  of  groove  guide.  Some  of  the  properties  of  this  mode 
were  presented  in  the  second  of  the  two  short  papers  in  Sec.  B,  1. 


The  n  2  mode,  which  Is  leaky,  possesses  a  nodal  symmetry  akin 
to  that  of  the  second  mode  in  rectangular  waveguide,  l.e.,  the  vertical 
mid-plane  is  an  electric  wall.  This  modal  feature  permits  us  to  bisect 
the  groove  guide  structure  vertically,  and  to  than  place  a  metal  wall  at 
this  bisection  plane  without  disturbing  the  field  distribution.  The  re¬ 
sulting  structure  then  takes  the  form  shown  In  Fig.  2.3.  That  structure 
Is  now  fed  In  the  groove  region  in  the  1  ••  1  transverse  mode,  which  Is 
of  course  identical  with  the  1  ~  2  mode  In  the  unblsected  groove  guide. 
The  behavior  of  the  n  ■  1  longitudinal  node  In  the  bisected  structure 
of  Fig.  2.3  Is  thus  the  same  as  that  of  the  n  ■  2  node  discussed  above 
in  Sec.  B  for  the  full  symmetrical  groove  guide. 


It  is  interesting  that  the  structure  of  Fig.  2.3  may  be  viewed  from 
two  points  of  view.  One  is  the  evolution  Indicated  above  from  the  first 
higher  even  mode  (n  ■  2)  of  the  symmetrical  groove  guide,  which  we  have 
shown  in  Sec.  B  is  leaky.  The  second  viewpoint  is  that  we  have  a  modified 
groove  guide  that  supports  the  dominant  mode,  which  is  purely  bound  in  a 
symmetrical  structure,  but  that  the  structure  has  now  bean  made  asymmetri¬ 
cal,  thereby  producing  the  leakage.  The  second  point  of  view  relates  the 
mechanism  of  leakage  to  that  employed  In  Sec.  A  for  the  asjnmnetrlc  atrip 
antenna.  From  either  point  of  view,  however,  one  readily  seas  that  the 
bisected  structure  of  Fig.  2.3  has  the  advantage  of  possessing  a  particu¬ 
larly  simple  configuration. 
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Fig.  2.3  Cross  section  of  groove  guide  bisected  vertlcelly,  resulting 
in  a  new  type  o£  leaky  wave  line  source.  Electric  field 
directions  are  shown  for  the  Incident  1*1  transverse 
mode  and  the  leaking  1  0  transverse  mode. 


Fig.  2.4  Transverse  equivalent  network  for  the  structure  in  Fig.  2.3, 
but  bisected  hotizontally  to  take  further  advantage  of  sym¬ 
metry.  The  network  shows  how  the  leaking  1  ■  0  transverse  mode  couples 
to  the  incident  i  -  1  transverse  mode.  (The  1  ■  1  mode  In  the  bi¬ 
sected  structure  in  Fig.  2.3  is  the  same  as  i  -  2  mode  in  the  full 
structure.)  As  in  Fig.  2.2,  the  network  Is  placed  on  Its  aide  for  clarity. 


Either  mechanism  can  be  employed  to  explain  the  leakage,  but  we  al¬ 
ready  have  a  solution  based  on  the  former  mechanism.  The  transverse 
equivalent  network  In  Fig.  2.2  Is  therefore  valid  here,  but  we  need  to 
change  the  modal  Identifications  from  1  ■  2  to  1-1  whenever  they 
appear,  in  recognition  of  the  fact  that  the  structure  of  Fig.  2.3  Is 
fed  in  Its  dominant  mode.  Those  changes  have  been  made  In  Fig.  2.4. 

A  variety  of  numerical  calculations  were  made  for  this  structure. 

The  values  of  a  and  p  were  determined  as  a  function  of  frequency,  b/a 
and  a' /a,  to  ascertain  how  much  leakage  would  be  obtained  and  to  seek 
the  cross-sectional  aspect  ratio  Chat  would  yield  the  best  performance. 

Curves  of  a/k^  and  p/k^  as  a  function  of  b/a  were  presented  in 
the  second  of  the  two  short  papers  In  Sac.  B,  1,  but  they  will  not  be 
repeated  here.  Those  curves  hold  for  a  specific  ratio  of  a* /a  and 
for  a  specific  frequency.  The  a* /a  value  of  0.60  used  there  was  found 
to  be  about  optimum,  but  the  value  of  64  GHx,  corresponding  to 
a/2  ■  0.50  cm,  is  quite  far  from  cutoff.  If  we  had  made  the  calculations 
only  somewhat  nearer  to  cutoff,  but  still  not  closa  to  it,  we  could  easily 
have  doubled  the  value  a/k  .  Curves  of  a/k_  and  p/k  as  a  function 
of  a* /a,  for  b/a  fixed  at  several  different  valuta,  show  that  the  leak¬ 
age  constant  peaks  when  a* /a  is  near  to  0.6. 

The  conclusions  that  we  draw  from  these  calculations  are  the  following. 

1)  The  structural  aspect  ratio  that  seems  to  yield  the  largest  value 
of  leakage  constant  Is  Indicated  in  Fig.  2.5.  Although  the  structure  could 
be  fabricated  without  difficulty  (there  would  be  a  metal  piece  at  the  bottom 
to  hold  the  two  pieces  together  and  to  Insure  radiation  from  one  and  only) , 
it  Is  seen  that  the  two  step  Junctions  are  pronounced  and  not  far  from  each 
other.  The  theory  we  employed  assumed  that  the  step  Junctions  were  effec¬ 
tively  iBoUted  from  each  other,  and  that  small  obstacle  theory  would  be 
appropriate.  These  optimized  dimensions  thus  correspond  to  a  structure 
that  may  be  outside  of  the  range  of  validity  of  the  theory  employed. 


Fig,  2.5  The  structural  aspect  ratio  Chat  yields  the  largest  value  of 
leakage  constant  for  this  type  of  leaky  wave  structure.  The 
dashed  line  shows  the  corresponding  aspect  ratio  found  by  the 
alternative  (tee  stub)  theory  discussed  In  Sec.  D. 

For  this  reason,  we  used  an  alternative  and  very  different  theoretical 
approach  for  this  structure,  based  on  a  tee  stub  on  a  parallel  plate  guide, 
and  described  In  Sec.  D.  The  optimum  dlmenalona  from  that  approach  were 
not  that  much  different,  it  turned  out;  the  a'/a  ratio  was  Just  about 
the  same,  but  the  b/a  ratio  was  increased  somewhat.  The  altered  aspect 
ratio  is  shown  by  the  dashed  lines  in  Fig.  2.5. 
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2)  The  magnitude  of  the  leakage  constant  is  smaller  than  vre  would 
like.  Assuming  a  slightly  lower  operating  frequency  so  that  the  maximum 
value  of  vrould  be  about  3  x  10  ,  we  find  via  (1.2  )  and  (1.3  ), 

that  the  largest  beam  width  we  could  achieve  is  slightly  under  2®.  Al¬ 
though  this  result  is  satisfactory  for  many  applications,  greater  versa¬ 
tility  would  be  available  if  the  ot/k^  values  were  larger.  The  diffi¬ 
culty  relating  to  the  low  values  of  leakage  constant  may  relate  to  the 
shape  of  the  structure,  or  It  may  be  due  to  the  use  of  small  obstacle 
theory  beyond  Its  range  of  applicability.  In  which  case  the  predicted 
theoretical  values  for  a  would  indeed  be  lower  than  the  true  values. 

Since  we  did  not  know  the  actual  reason  for  the  difficulty,  we  took  two 
parallel  paths; 

1)  We  modified  the  cross  section  of  the  structure  by  adding  strips 
to  project  from  the  step  Junctions  In  order  to  Increase  the  value  of  a; 
a  discussion  of  that  structure,  its  analysis,  and  some  numerical  results 
are  presented  next,  in  Sec,  C,  2. 

11)  We  pursued  the  alternative  theoretical  approach  mentioned  above, 
and  discussed  in  Sec.  D.  We  found  there  that  the  maximum  value  obtainable 
for  a  is  much  higher  than  that  found  by  using  smell  obstacle  theory,  im¬ 
plying  that  the  small  obstacle  approach  may  be  Inadequate  in  this  range 
of  dimensions. 

On  the  basis  of  all  the  studies  conducted  so  far,  it  seems  that  the 
structure  of  Fig.  2.3,  which  has  the  great  advantage  of  structural  sim¬ 
plicity,  may  wnll  yield  a  practical  leaky  wave  antenna.  As  we  see  later, 
more  work  needs  to  be  done,  and  perhaps  some  measurements  of  ct  are  In  order. 
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2.  Antenna  with  Added  Strips 

The  analysis  we  employed  (Sac,  B,  3)  for  the  leaky  structure  in 
Fig.  2.3  indicated  a  value  of  leakage  constant  a  that  is  lower  than  we 
would  like,  as  discussed  above  In  Sec.  C,  1.  On  the  assumption  that  Che 
analysis  is  accurate,  we  then  tried  to  Increase  the  value  of  a  by  modify¬ 
ing  Che  cross  section  of  the  structure.  We  added  strips  that  projected  from 
the  step  junctions,  thereby  effectively  enhancing  the  influence  of  the 
step  Junctions  in  converting  power  from  the  1  ■  1  transverse  mode  into 
the  i  0  transverse  mode.  The  cross  section  of  the  resulting  structure 
is  shown  In.  Fig.  2.6,  where  Che  projecting  strips  are  uf  width  <S . 

The  transverse  equivalent  network  for  this  modified  structure  is 
taken  to  be  the  same  In  form  as  that  for  the  structure  without  added 
ctrips,  shown  in  Fig.  2.4.  The  difference  lies  In  the  value  of  the  coup¬ 
ling  susceptance  y  ,  which  now  has  contributions  from  both  sides  of  the 

a 

step  Junction.  The  modes  In  the  two  regions,  and  Che  tume  ratios  n  , 
are  Che  same  as  before  the  strips  were  added.  We  therefore  need  to  dis¬ 
cuss  Che  derivations  for  the  susceptance  y  only. 

The  coupling  susceptance  y  can  be  written  as 
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h 


+  iy' 
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(2.87) 


where  the  contributions  from  each  side  of  the  strips  art  regarded  as  In¬ 
dependent  and  equal  to  one  half  of  the  susceptance  Chat  would  be  obtained 
if  each  of  the  discontinuities  ware  symmetrical  separately.  For  the  un- 
ptimed  side,  of  guide  width  a/2,  Che  susceptance  element  Is  derived  from 
(2.36)  with  i  and  j  being  equal  to  0  and  2,  and  with  the  mode  func¬ 
tions  still  given  by  (2.78)  and  (2.79).  Tho  polariaablllty  term  m,  caking 
the  added  strip  length  £  into  account,  now  becomes 
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(2.88) 
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Fig.  2,6  Cross  section  of  proposed  new  leaky  wavs  groove  guide 
structure  with  added  strips  to  Increase  the  leakage 
constant,  I'he  added  strips  enhance  the  conversion  of 
pdwer  from  the  1  ■  J,  to  the  1  ■  0  mode. 


Whan  the  mode  functions  from  (2,78)  and  (2.79),  and  the  characteristic 
admittances  Y  and  Y„  from  (2,63)  and  (2.75),  together  with  the  new 

0  w 

value  of  m  from  (2.88),  are  all  placed  into  (2.36),  we  obtain 


Vo«  -2|/„ 


(2.80) 


From  relations  (2.82)  and  (2.83),  which  are  also  still  valid  here,  we  find 


ni^l  ,  am\/2  (2.fl0) 

as  in  (2.84) . 

On  the  primed  aide,  of  guide  width  a  12,  expressions  (2.36)  for  the 
susceptances ,  (2.78)  and  (2.79)  for  the  mode  functions,  and  (2.63)  and 
(2.75)  for  the  characteristic  admittances,  are  all  still  applicable  when 
the  quantities  involved  become  primed,  meaning  that  they  correspond  to 

,  I 

the  guide  of  width  a  /2,  rather  than  a/2.  The  polarizability  m  must 
be  separately  specified,  however,  and  it  is  readily  seen  to  be  given  by 

m'—  (2.01) 

When  all  of  these  quantities  are  appropriately  inserted  into  (2.36), 
suitably  modified,  one  finds 

^  ^  -  k?)  (2.02) 

and,  from  (2.82)  and  (2.83),  we  deduce 

(n,*)'-l  .  (nS)'-.^?  (2.03) 


The  total  coupling  suaceptance  y  is  then  seen  to  become,  on  use  of 
(2.87)  together  with  (2.89)  and  (2.92), 
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With  the  other  turns  ratios  n"  and  n®  given  by  (2.76)  and  (2.77),  we 
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now  have  available  all  the  constituents  of  the  transverse  equivalent  net¬ 
work  of  the  form  in  Fig,  2.4.  We  understand  that  the  i  ■  2  quantities 
used  above  apply  to  the  second  mode  in  an  unblsected  groove  guide,  whereas 
the  i  ■  1  terminology  In  Fig.  2.4  is  intended  for  the  i  «  1  mode  in 
the  bisected  structure;  they  are,  of  course,  equivalent. 


The  complete  transverse  resonance  condition,  or  dispersion  relation, 


then  becomes 


•  It  ^  .  *■ 


A  variety  of  numerical  calculations  were  made  for  a  and  g  as  a  func¬ 
tion  of  the  dimensional  parameters.  It  is  no  longer  feasible  to  specify 
a  single  optimum  set  of  dimensions  as  a  larger  6  obviously  means  a  larger 
maximum  value  of  a.  But  the  values  of  a  /a  and  b/a  also  strongly  affect 
tne  results.  It  turns  out  that  a  value  of  i/a  as  small  as  0.05  can  double 
the  value  of  ot  in  many  cases.  With  6 /a  >•  0.10  or  0.15,  the  value  of  oi 

cun  be  increased  five-fold.  One  of  the  curves  of  g/k  vs.  b/a  is 

0 

shown  in  Fig,  2.7. 

It  is  clear  that,  if  the  value  of  a  is  really  too  low,  the  addition 
of  small  strips  in  the  manner  shown  in  Fig.  2.6  can  greatly  Increase  the 
value  of  a.  Small  values  of  6  can  have  an  Important  influence  on  the 
leakage  constant.  The  structure  Is  harder  to  fabricate  than  the  one  with¬ 
out  added  strips,  of  course,  but  there  may  be  simple  ways  to  include  the 
added  strips.  One  way  is  to  make  the  structure  in  two  parts  (assuming  an 
ultimate  direct  connection  on  the  bottom).  One  part  consists  of  the  ver¬ 
tical  stub  section  of  height  b  plus  the  horizontal  parts  of  the  groove 
region,  including  the  added  strips,  which  are  made  as  a  direct  extension 
of  the  Isngtn  (a-a')/2;  this  part  resembles  a  squarish  "c"  or  a  "u"  on 
its  side.  The  other  part  is  the  rest  of  it  that  holds  the  first  part  In 
place . 

At  any  rate,  the  key  question  is  whether  or  not  the  added  strips  are 
needed  in  the  first  place,  l.e.,  whether  or  not  the  values  of  a  is  really 
Low.  The  alternative  theoretical  apprc.ach  in  Sec.  D  discusses  this  ques¬ 
tion,  and  concludes  that  a  can  be  quite  high  if  required  even  without  the 
added  stripo. 


Fig.  2.7 


Curve  of  leakage  constant  a  as  a  function  of  the  dimensional 
ratio  b/a  for  the  structure  with  added  strips  given  in  Fig.  2.6 
The  dimensional  parameters  are  indicated  in  the  inset. 


-  81  - 


D.  ALTERNATIVE  THEORETICAL  APPROACH  FOR  THE  n  =  2  LEAKY  MODE  ANTENNA 


The  aspect  ratio  of  the  optimized  leaky  structure  shown  in  Fig.  2.5 
suggests  that  it  resembles  a  tee  stub  on  a  parallel  plate  guide.  From 
that  standpoint,  it  is  easier  tc  understand  the  behavior  If  we  rotate  the 
structure  through  90°,  as  shown  in  Fig.  2.8. 

The  structure  Is  excited  In  the  stub  guide,  of  width  b  and  length 
(a-a')/2,  In  the  TEM  mode.  Of  course,  we  Impose  a  variation  with  z  , 
which  Is  the  axial  (longitudinal)  direction,  as  always,  sc  that  the  wave 
is  really  a  TEM  wave  at  an  angle.  Because  of  the  symmetry,  the  field 
incident  from  the  stub  guide  leaks  Into  the  two  "main"  arms  of  the  par¬ 
allel  plate  guide  in  antisymmetric  fashion,  as  shown  in  Fig.  2.8  for  the 
electric  field.  The  dimensions  of  the  main  guide,  of  width  a'/2  ,  are 
such  that  only  the  TEM  mude  (at  an  angle)  can  propagate,  and  all  the  other 
modes  are  below  cutoff. 


This  approach  and  the  previous  one  used  for  groove  guide  are  com¬ 
pletely  different.  For  example,  the  upper  and  lower  stubs  in  the  bi¬ 
sected  groove  guide  are  now  the  arms  of  the  main  parallel  plate  guide. 
Also,  the  transmission  line  representing  the  wider  guide  region  was  in 
the  same  direction  as  the  other  transmission  lines  in  the  groove  guide 
approach,  but  here  it  is  perpendicular  to  them.  The  domains  of  validity 
for  each  approach  are  therefore  different;  the  approaches  are  complemen¬ 
tary  rather  than  overlapping. 


In  principle,  and  conceptually,  the  stub  guide  approach  is  simpler. 
What  is  needed  is  only  an  accurate  representation  for  the  tee  Junction 
itself.  There  is  no  need  for  H-type  modes,  etc. ,  and  only  one  mode  is 
required,  rather  than  two.  One  possible  transverse  equivalent  network 
that  is  representative  of  the  structure  is  shown  in  Fig.  2.9.  The 
transmission  line  representative  of  the  stub  guide  has  length  (a-a')/2, 
and  the  main  guide  arms  are  Infinitely  long.  Each  transmission  line 
corresponds  to  the  transverse  wuvanurober  k^^  in  the  y  direction,  where 
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The  bisected  groove  guide  structure  in  Fig.  2.3  (or  2.5) 
rotated  through  90“  so  that  it  can  be  viewed  more  easily 
as  an  S  plane  tee  stub  on  a  parallel  plate  waveguide. 


A  transverse  equivalent  network  corresponding  to  the 
structure  in  Fig.  2,8,  containing  one  form  of  network 
representation  for  the  tee  junction  itself. 


k:  -  ki 


(2.96) 


k*  «» 

since  there  is  no  variation  in  x  (across  the  widths)  in  these  TEM  inodes 
at  an  angle. 

fi^st  representation  for  the  tee  junction  that  we  tried  was  the 
one  given  in  the  Waveguide  Handbook  [20],  Sec.  6.1,  pp.  337-341.  The 
structure  corresponds  directly,  and  the  network  representation  is  close 
to  that  shown  in  Fig.  2.9  but  not  quite  the  same.  Since  we  must  take  a 
resonance  of  the  transverse  equivalent  network  in  order  to  obtain  the 
dispersion  relation  for  the  longitudinal  leaky  mode  that  results,  we 
require  analytical  expressions  for  the  elements  of  the  tee  junction.  The 
problem  with  the  representation  in  the  Waveguide  Handbook  is  that  the 
analytical  expressions  are  valid  only  in  the  static  limit,  b/X^  “  0  . 

The  curves  given  there  are  accurate  away  from  that  limit,  however,  so 
that  we  can  assess  the  numerical  error  in,  say,  the  most  important  sus- 
ceptance  element,  ,  in  their  network  (similar,  but  not  identical, 

to  B,/Y  in  Fig.  2.9).  For  2b/X  •  0.6  ,  a  typical  case,  for  the  ratio 

^  ^  ®  I  .  f 

of  stub  guide  width  to  main  guide  width  (b  /b  in  their  notation,  b/2a 
in  ours)  equal  to  unity,  we  find  that  B^/X^  ■■  1.36,  Instead  of  0.86  when 
the  static  limit  is  used.  For  a  narrower  stub  guide,  say,  b/2a'  ■  0.67, 
the  comparison  is  ■  0.84  vs.  0.66,  which  is  not  as  bad.  For  nar¬ 

rower  stub  guides,  therefore,  the  Waveguide  Handbook  expressions  should 
yield  results  that  are  reasonably  reliable.  On  the  other  hand,  the  geo¬ 
metric  aspect  ratio  is  leas  interesting  in  that  range. 

Nevertheless,  we  obtained  some  numerical  values  that  were  surprising 
when  we  compared  them  with  corresponding  previous  results.  Three  examples 
are: 
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0.40 

0.20 

0.10 


1.33 

0.67 

0.33 


0.847 

0.872 

0.878 


0.865 

0.845 

0.812 


In  these  numerical  examples,  we  compare  corresponding  sets  of  values  com¬ 
puted  using  the  Waveguide  Handbook  analytical  expressions  for  the  first 
set  of  numbers  and  the  expressions  in  Sec.  B,  3  for  the  second  set.  We 
note  that  the  cx/k^  values  are  the  ones  that  seem  very  different,  the 
stub  guide  method  yielding  results  more  than  ten  times  the  earlier  numbers. 
It  is  true  that  for  smaller  values  of  b/a  the  groove  gu..de  results  are  not 
reliable,  and  that  fur  larger  values  of  b/a  the  static  limit  expressions 
from  the  Waveguide  Handbook  are  inaccurate,  so  that  the  above  comparison 
cannot  be  trusted.  We  therefore  sought  better  network  representations 
for  the  tee  Junction. 

The  next  representation  chosen  is  that  shown  in  Fig.  2.9.  It  is 
adapted  from  the  one  given  in  an  old  comprehensive  report  [21]  on  equiva¬ 
lent  circuits  for  slots  in  rectangular  waveguide.  That  report  contained 
Che  output  of  a  group  comprised  of  J.  Blass,  L.  B.  Felsen,  H.  Kurss, 

N.  Marcuvltz  and  A.  A,  Oliner.  This  representation,  and  expressions  for 
its  elements,  are  given  on  pp.  122-125  of  [21].  The  earlier  work  applied 
to  a  more  complicated  structure  in  which  a  slot  was  present  at  the  stub 
junction  plane,  and  these  expressions  were  found  Co  be  accurate  for  most 
of  the  range  of  slot  dimensions  when  the  ordinary  rectangular  guide  aspect 
ratio  was  used.  For  our  case,  the  "slot"  is  wide  open,  but  we  need  to 
modify  the  guide  dimensional  ratios. 

A  symmetrical  tee  network  requires  four  independent  parameters  for 
its  characterization,  but  only  three  appear  in  Fig.  2.9.  If  one  employs 
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the  transformer  format,  an  additional  series  element  is  present  just  above 

the  transformer;  however,  we  have  found  that  the  reactance  of  that  series 

element  is  essentially  zero,  and  that  the  element  can  be  neglected.  Of 

the  three  remaining  elements,  the  expression  for  the  turns  ratio  n  is 

cs 

simple,  and  that  for  Is  not  complicated  either.  The  dominant  element 

is  that  of  ,  where  L  signifies  "longitudinal."  The  expression  we 
derived  many  years  ago  is  in  the  form  of  ,  the  susceptance  of  a  trans¬ 
verse  aperture  coupling  two  waveguides,  plus  a  correction  term.  The  correc¬ 
tion  term  accounts  essentially  for  the  presence  of  the  wall  opposite  the 
tee  stub  junction,  and  the  absence  of  the  top  and  bottom  walls  that  would 
be  present  for  the  transverse  aperture.  In  the  slot-coupled  tees  analyzed 
years  ago,  the  correction  term  was  small  relative  to  the  other  terms. 

Vlhen  the  expressions  taken  from  the  report  [21]  are  reduced  appro¬ 
priately  to  our  case,  and  the  notation  changed  to  accommodate  to  our  pre¬ 
sent  notation,  we  obtain  for  the  elements  of  Fig.  2.9: 


^  Jf  k  k  t  t  !iS!LL\ 


(2.07) 


(2.08) 


where  J  is  the  n.GShiel  function  of  order  zero,  and 
o 
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(2.00) 


From  stored  power  considerations,  we  are  able  to  Identify  the  first 
term  In  (2.99)  as  equal  to  one  half  the  susceptance  of  a  transverse  ca¬ 
pacitive  aperture  in  a  waveguide  when  the  aperture  involves  only  a  re¬ 
duction  In  height.  The  third  term  is  seen  to  be  one  half  of  B  /Y  ,  and 

a  0 

the  second  term  is  the  "correction  term." 
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For  an  ordinary  rectangular  waveguide  E-plane  tee  junction,  for  which  no 

slot  is  present  and  for  which  the  stub  and  main  guides  are  identical,  the 

first  term  in  B, /Y  becomes  zero,  so  that  the  correction  term  alone  be- 
L  o 

tl 

comes  equal  to  B, /Y  -h  (1/2)B  /Y  .  For  the  special  values  a  ■  0.900  , 

0  fl  o 

It 

b  -  0.400  ,  where  a  and  b  are  the  usual  rectangular  waveguide  dlmen- 

II 

sions,  and  for  a  free  space  wavelength  ■  1.2606  ,  the  results  of  care¬ 
ful  measurements  are  available  for  B./Y.  and  /Y  +  (l/2)B./y.  .  These 
. . .  a  0  L  0  a  0 

two  quantities  follow  directly  from  measurements  because  they  correspond 
to  what  occurs  when  the  network  is  bisected  with  an  open  circuit  and  a 
short  circuit,  respectively. 

Comparisons  between  the  measured  results  and  the  corresponding  quan¬ 
tities  computed  using  (2.98)  and  (2.99)  are  the  following! 


Measured 

Computed 

0.29 

0.246 

V 

-0.096 

-0.108 

^0 

'These  agreements  are  actually  quite  good,  and  would  indicate  that  in  this 
range  of  dimensional  ratios  the  expressions  (2.97)  to  (2.99)  are  valid. 

In  particular,  the  correction  term  in  B, /Y  referred  to  above,  which  Is 
always  under  suspicion,  seems  to  be  reasonably  reliable.  The  measured 
values  are  taken  from  curves  on  pages  173  and  175  of  reference  [21]. 

Using  these  expressions,  we  may  readily  obtain  the  dispersion  relation 
from  the  network  in  Fig.  2.9.  By  taking  the  input  admittances  looking  in 
both  directions  from  reference  plane  T  in  Fig.  2.9,  and  summing  them  to 
aoro,  we  find 
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(2.100) 
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l^hen  expres.sions  (2.97)  to  (2.99)  are  aubstlcuted  into  (2.100),  we  obtain 
for  the  dispersion  relation 


coi  (kf,‘ 


+  1 


Jn  1.43  + 


0 


(2.101) 


Since  the  equation  is  complex,  a  complex  value  will  result  for  ,  and 

the  solution  will  correspond  Co  that  for  a  leaky  mode.  Tlic  real  and  ima¬ 
ginary  parts  of  k  ,  from  (2.96),  are  the  phase  constant  $  and  the  leakage 
z 

constant  a. 


We  have  not  as  yet  systematically  investigated  the  parametric  depen¬ 
dence  of  a  and  ?>  on  the  various  dimensions,  but  we  present  in  Fig.  2.10 
curves  of  a/k^  and  B/k^  as  a  function  of  b/a  ,  when  a  /a  ■  0.6  , 
which  was  found  in  Sec.  C,  1  Co  yield  higher  values  of  a  than  other  ratios. 
The  dispersion  relation  (2.101)  is  seen  to  yield  very  high  values  for  a 
as  compared  to  chose  found  in  Sec.  C,  1.  They  are  in  fact  not  that  much 
different  from  Che  values  reported  above,  which  were  obtained  from  Che 
Waveguide  Handbook  expressions,  and  which  we  felt  we  could  not  trust  be¬ 
cause  they  were  valid  only  in  the  static  limit. 

The  curve  for  oi/k^  in  Fig,  2.10  was  computed  at  the  same  frequency 
and  the  same  value  of  u'/a  as  the  one  In  Fig.  4  of  the  second  short 
paper  In  Sec.  B,  1,  and  it  can  therefore  be  compared  with  It.  V/e  muse 
be  careful  about  the  scales,  however.  The  range  of  b/a  In  the  abscissa 
in  the  above-mentioned  Fig.  4  is  very  wide,  going  from  zero  to  2,0,  whereas 
the  one  In  Fig.  2.10  only  goes  up  to  0.4.  Within  the  smaller  range,  how¬ 
ever,  the  curve  shapes  are  .similar,  .although  the  maximum  for  ct/k^  moves 
to  b/a  >•  0,35  from  0.20.  Missing  in  Fig.  2.10  are  the  nulls  that  appear 
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in  Fig.  4  that  we  know  must  be  correct,  but  the  stub  guide  theory  cannot 
yield  them  because  those  dimensional  ratios  are  outside  of  Chat  theory's 
range  of  validity. 

Equally  striking,  but  in  a  different  way,  Is  the  behavior  on  the 
ordinate  scale.  Here,  we  find  that  the  values  of  a  are  more  than  twenty 
times  the  values  found  in  Fig.  4.  It  is  difficult  to  understand  the  reason 
for  such  a  large  discrepancy.  Upon  noting  those  differences,  we  tried  to 
use  another  equivalent  network  for  the  step  junction,  to  see  whether  another 
and  separate  calculation  may  reveal  different  results.  With  respect  to 
B/k^  ,  the  curves  in  Fig.  4  and  in  Fig.  2.10  appear  to  correlate  reasonably 
well  with  each  other,  although  one  cannot  be  sure  because  of  the  scales  in¬ 
volved;  on  the  other  hand,  it  is  the  contrasts  In  a/k^  that  are  more 
interesting. 

The  yet-another  transverse  equivalent  network  referred  to  Just  above 
is  shown  in  Fig.  2.11.  It  is  in  a  simpler  form  than  the  one  in  Fig.  2.9 
because  the  reference  plane  locations  in  the  main  guide  have  been  shifted 
(although  that  does  not  affect  the  dispersion  relation  since  the  main 
guide  arms  are  matched) .  It  was  used  with  dramatic  success  in  its  appli¬ 
cation  to  narrow  radiating  slots  in  the  broad  face  of  rectangular  wave¬ 
guide  [22].  That  range  of  dimensional  parameters  produces  a  different 


Fig,  2,11  A  second  transverse  equivalent  network  corresponding  to 
the  structure  In  Fig.  2.8,  containing  a  slnpllfled  form 
of  network  representation  for  the  tee  junction  itself. 


These  expressions  are  a  bit  simpler  than  those  in  (2.97)  to  (2.99):  in 
(2,103).  the  first  term  is  the  same  as  the  first  term  in  (2,99),  but 
the  last  two  terms  here  correspond  to  a  "correction  term," 


When  the  transverse  resonance  relation  is  applied  at  reference  plane 
T  in  Fig,  2.11,  we  find 


(2.104) 


which  becomes,  on  use  of  (2.103), 
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(2.105) 


Numerical  values  for  a/k  and  S/k  compuced  via  the  dispersion 

o  o 

relation  (2.105)  for  the  same  parameters  as  the  curves  In  Fig.  2.10  are 
shown  in  Fig.  2.12.  Although  there  are  small  nTimerlcal  differences  due 
to  Che  different  network  expressions,  it  is  clear  that  Che  shapes  and  the 
dependences  are  very  similar.  The  large  values  for  a  are  also  found  now. 

One  feature  that  is  mildly  disturbing  here  Is  that,  in  the  numerical 
calculations  from  both  (2.101)  and  (2.105),  the  term  contributing  most 
strongly  In  each  case  is  Che  "correction  term,"  which  is  assumed  to  be 
small  under  most  circumstances.  If  the  correction  term  is  not  evaluated 
accurately,  however,  chare  could  be  a  small  numerical  error  introduced, 
such  as  the  differences  appearing  between  the  curves  in  Figs.  2.10  and 
2.12,  but  Che  major  pattern  should  not  be  affected. 

After  the  substantial  efforts  put  into  the  topics  discussed  in  Secs. 

C  and  D,  we  feel  that  we  are  still  not  completely  sure  of  the  validity  of 
the  various  results,  particularly  because  it  is  difficult  to  understand 
why  the  discrepancy  is  so  large  between  Che  results  obtained  via  the  two 
different  approaches  (in  Sec.  G  end  in  Sec.  D) .  Some  simple  measurements 
should  help  greatly  in  this  connection.  The  studies  in  Sec.  D,  on  the 
other  hand,  are  encouraging  with  respect  to  the  potential  utility  of  the 
leaky  structure  shown  In  Fig.  2.3.  Its  simplicity  of  form  should  enhance 
its  attractiveness  for  millimeter  wave  antenna  application,  and  Its  prac¬ 
ticality  would  be  assured  If  the  numbers  In  Fig.  2.10  are  Indeed  accurate. 


Curves  of  phase  constant  3  and  leakage  constant  i 
a  function  of  the  width  b  of  the  tee  stub,  usli 
alternative  transverse  equivalent  network  of  Fig 
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111.  ANTEWJAS  BASED  ON  NRD  GUIDE 


The  second  basic  low- loss  waveguide  on  which  new  leaky  wave  antennas 
were  designed  is  the  NRD  (or  non-radiatlve  dielectric)  waveguide  discussed 
in  Sec.  I,  B.  As  indicated  in  Sec.  1,  A,  two  different  approaches  were 
used  to  produce  the  leakage;  one  involves  foreshortening  the  top  of  the 
guide,  whereas  the  other  relies  on  aaytanetry  to  cause  the  leakage.  Al¬ 
though  both  approaches  were  employed  with  NRD  guide,  moat  of  the  time  and 
effort  was  spent  on  the  foreshortened  type  of  antenna.  The  structure  em¬ 
ploying  asymmetry  was  an  outgrowth  of  an  experimental  difficulty  originally 
encountered  with  measurements  on  the  foreshortened  structure,  and  its 
analysis  took  place  only  at  the  end  of  the  contract  period.  Nevertheless, 
a  discussion  of  the  structure  based  on  asymmetry,  and  some  numerical  re¬ 
sults  for  it,  are  included  here. 

Although  the  original  contract  does  not  call  for  any  measurements  to 
be  made,  an  experimental  phase  was  introduced  because  our  theoretical  re¬ 
sults  differed  by  almost  a  factor  of  two  with  measurements  taken  a  few 
years  ago  on  a  somewhat  similar  structure  (actually,  an  H  guide  that  ra¬ 
diated  from  both  ends).  Also  disturbing  was  the  fact  that  approximate 
theoretical  calculations  were  made  at  that  time  which  showed  better  agree¬ 
ment  with  those  measurements  than  with  our  theory.  Our  theory  is  almost 
rigorous  (with  the  "almost"  explained  later),  but  we  could  perhaps  have  made 
some  inadvertent  error.  We  were  concerned  by  the  discrepancies,  and  we 
therefore  wished  to  perform  our  own  careful  measurements. 

It  turned  out  finally  that  our  theory  is  indeed  correct,  and  that  the 
earlier  measurements  and  approximate  theories  were  wrong.  We  explain  below 
why  that  was  the  case.  Experimentally,  our  theoretical  values  were  verified 
in  two  ways.  One  way  involved  our  own  measurements,  which  consisted  of 
direct  field  probing  along  the  length  of  the  antenna  aperture.  The  second, 
completely  Independent,  measurements  were  taken  at  our  request  by  Prof. 

T.  Yoneyama  of  Tohoku  University  in  Japan.  Both  sets  of  measurements  agreed 
very  well  with  our  theoretical  results,  as  we  demonstrate  below. 


Before  the  results  of  our  measurements  and  those  of  Prof.  Yoneyama 
became  known,  we  derived  some  perturbation  expressions  for  the  values  of 
a  and  6  of  the  foreshortened  top  antenna.  Usually,  a  rigorous  expression 
is  derived  to  serve  as  a  reliable  result  against  which  various  approximate 
theories  can  be  compared.  Here,  we  did  the  inverse.  We  had  an  essentially 
rigorous  result  which  we  felt  may  be  in  question  because  of  discrepancies 
with  certain  earlier  measured  and  theoretical  results  (mentioned  above). 

We  therefore  derived  approximate  expressions  to  see  how  far  off  they  were 
from  the  essentially  rigorous  one.  It  turned  out  that  nvmerical  values 
obtained  from  these  approximate,  perturbation  expressions  agreed  much  better 
with  our  accurate  results  than  with  any  of  the  earlier  results,  thus  ser¬ 
ving  as  an  additional  verification  of  the  validity  of  our  theoretical  results. 

Of  course,  these  perturbation  expressions  are  simpler  to  compute  from 
than  the  almost  rigorous  expression,  so  that  they  may  themselves  be  found 
useful  for  numerical  calculations,  at  least  in  the  early  stages  of  a  de¬ 
sign.  As  expected,  they  are  most  accurate  for  smaller  values  of  a  and 
when  the  guide  is  not  near  to  mode  cutoff.  These  perturbation  expressions 
are  therefore  of  value  in  their  own  right. 

A  short  presentation  of  the  theory  underlying  the  foreshortened-top 
NRD  guide  antenna  appears  in  the  Proceedings  of  the  URSI  International 
Symposium  on  Electromagnetic  Theory  [23].  Another  short  presentation, 
which  stresses  the  microwave  network  features  rather  than  the  antenna 
aspects, is  given  in  the  Digest  of  the  International  Microwave  Symposium 
[24],  A  version  similar  to  the  first  presentation,  but  slightly  expanded, 
has  been  accepted  for  publication  in  Radio  Science  [25]. 

The  first  of  these  presentations  is  Included  in  this  Final  Report 
because  it  provides  an  excellent  summary  of  the  principle  of  operation 
of  the  antenna,  a  discussion  of  the  vnaln  features  of  the  almoat-rigorous 
transverse  equivalent  network,  and  a  few  typical  numerical  results.  That 
paper  Is  given  as  Sec.  A,  1  here. 
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The  work  on  the  foroshortened-top  antenna  based  on  NRD  guide  is  dis¬ 
cussed  here  in  Secs.  A,  B  and  C.  The  basic  analysis  together  with  numer¬ 
ical  data  are  presented  in  Sec.  A..  In  A,  1,  we  include  the  paper  from  the 
URSI  Proceedings  [23]  because  it  provides  a  summary  of  the  most  important 
features  1  No  derivations  are  contained  in  that  paper,  however,  so  that 
the  derivations  of  the  constituents  comprising  the  transverse  equivalent 
network  are  given  in  Sec.  A,  2.  The  numerical  data  appearing  in  the  paper 
are  also  necessarily  limited,  applying  to  one  case,  and  presenting  only  the 
variation  of  a  and  6  with  d,  the  length  of  the  foreshortened  top  section. 
Additional  numerical  data,  corresponding  to  other  cases ,  and  illustrating 
the  variation  of  a  and  B  with  other  parameters,  are  contained  in  Sec.  A,  3. 

The  perturbation  expressions  are  presented  in  Sec.  B,  together  with 
a  summary  of  their  derivations.  Also  included  are  curves  showing  compar¬ 
isons  between  the  basic  almost-rigorous  theory  and  the  perturbation  ex¬ 
pressions.  Two  basically  different  perturbation  procedures  were  adopted, 
one  following  the  transverse  equivalent  network  with  both  of  its  consti¬ 
tuent  transmission  lines,  and  the  other  using  only  one  transmission  line 
and  starting  from  a  different  basis.  The  two  perturbation  procedures  are 
treated  in  Secs.  B,  1  and  B,  2,  and  they  are  evaluated  and  compared  numer¬ 
ically  with  the  almost-rigorous  values  In  Sec.  B,3. 

Section  C  discusses  the  measurements,  both  the  procedure  and  the 
results.  We  first  review  the  earlier  measurements  and  the  associated 
approximate  theory  (both  by  H.  Shigesawa  and  K.  Takiyaraa)  to  demonstrate 
why  we  felt  it  was  necessary  to  take  these  measurements.  Then,  in  Sec. 

C,  1,  we  present  the  meesurement  procedure  itself,  together  with  the  de¬ 
tails  of  the  structures  that  were  measured,  and  the  difficulties  that  we 
encountered.  The  measurement  procedure  employed  by  Prof.  Yoneyama,  which 
is  the  same  as  ours  in  principle,  but  which  has  a  different  feed  mechanism, 
is  described  briefly  in  Sec.  C,  2.  Also  in  that  section  are  Yoneyama’ s 
results  and  how  they  compare  with  our  theoretical  values.  As  will  be 
seen,  the  agreement  is  very  good.  In  Sec.  C,  3,  we  present  some  of  our 
own  measured  results,  together  with  comparisons  with  our  theoretical 
curves;  the  agreement  is  seen  to  be  very  gratifying. 


Finally,  In  Sec.  D,  we  describe  the  new  antenna  based  on  NRD  guide 
that  employs  asymmetry  to  produce  the  desired  leakage.  The  basic  structure 
and  the  principle  of  operation  are  discussed  in  Sec.  D,  1,  together  with 
alternative  structures  and  limitations.  The  theoretical  analysis  and 
numerical  values  for  a  typical  case  are  presented  in  Sec.  D,  2.  Some 
interesting  performance  features  emerge,  verifying  their  relationship  in 
certain  fundamental  ways  with  the  class  of  dielectric  strip  waveguides 
analyzed  previously  [26,27].  Some  of  these  calculations  were  made  after 
the  end  of  the  contract  period,  and  it  is  these  above-mentioned  relation¬ 
ships  that  permitted  us  to  continue  these  calculations  under  the  support 
of  our  Joint  Services  Electronics  Program,  on  which  the  novel  leakage 
features  of  dielectric  strip  waveguides  were  originally  found.  These 
relationships  are  also  discussed  In  Sec.  D,  2. 


A.  THE  FOr^ESHORTENED-TOP  ANTENNA:  ACCURATE  ANALYSIS  AND  NUMERICAL  RESULTS 


In  Sec.  A,  1,  we  reproduce  a  short  paper  that  appeared  in  the  Pro¬ 
ceedings  of  the  URSI  International  Symposium  on  Electromagnetic  Theory, 
held  in  Santiago  de  Compostela,  Spain,  on  August  23-26,  1983  [23],  That 
paper  contains  a  summary  of  the  main  features  of  this  antenna,  including 
its  structure,  its  principle  of  operation,  the  almost-rigorous  transverse 
equivalent  network,  and  results  for  one  typical  ..ase. 

Derivations  of  the  constituents  of  the  transverse  equivalent  network 
arc  presented  in  Sec.  A,  2.  One  first  begins  with  the  choice  of  transverse, 
modes  that  yields  the  simplest  transverse  equivalent  network,  not  only  in 
form  but  also  in  the  expressions  for  the  constituent  discontinuities.  Our 
choice,  which  we  believe  is  the  wise  one,  yields  a  dispersion  relation  in 
closed  form.  Next,  we  treat  in  succession  the  two  basic  constituent  dis¬ 
continuities,  the  air-dielectric  Interface  and  the  radiating  open  end.  A 
few  additional  remarks  are  then  made  regarding  the  complete  transverse  e- 
qui valent  network  and  the  corresponding  dispersion  equation. 

Numerical  data  are  included  in  Sec.  A,  3  which  illustrate  the  vari¬ 
ations  of  a  and  B,  the  leakage  and  phase  constants,  with  various  geometric 
parameters  and  with  the  dielectric  constant.  The  results  show  that  a  wide 
range  of  values  of  ct  can  be  achieved,  so  that  one  can  select  a  wide  radi¬ 
ated  beam  or  a  narrow  one,  and  that  the  values  of  B  remain  fairly  constant 
with  most  geometric  variations,  as  one  wishes  for  easy  leaky  wave  antenna 
design. 


1.  Summary  of  Principal  Features 
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ABSTRACT.  An.  almoit- rlgoroui  analyale  Is  presented  for  a  new  leaky*wave  antenna 
of  simple  configuration  based  on  a  recent  nonradlatlve  modification  of  H  guide  and 
suitable  for  millimeter  wevelengths.  The  analysis  employs  a  transverse  equivalent 
network  which  yields  a  dispersion  relation  In  closed  form;  numerical  values  are 
proaented  for  the  phase  and  leakage  constants,  and  for  a  typical  example  of  antenna 
performance. 


INTRODUCTION  numerical  example  for  antenna  performance. 

Two  papere  appeared  recently  [T.  Yoneyama  The  form  of  the  antenna  is  alio  responsive  to 

and  S.  Nlihlda,  196  la  and  hi  which  proposed  a  new  problems  facing  line-source  antennas  at  millimeter 

type  of  waveguide  for  mlUlmoter  waves,  and  showed  wavelengths;  that  Is,  It  Is  simple  to  fabricate  since 

that  various  components  based  on  It  can  be  readily  It  la  composed  of  a  tingle  coi^tlnuous  open  slit,  and 

designed  and  fabricated.  By  a  seemingly  trlvi.il  It  la  fed  by  a  rnlatlvely  low*loaa  waveguide  ao  that 

modification,  the  authora,  T,  Yoneyama  and  S.  the  leakage  constant  of  the  antenna  dominates  over 

Nlshlda,  transformed  the  old  well-known  H  guide,  the  attenuation  constant  of  the  waveguide.  The  an- 

whleh  had  languished  fur  the  past  decade  and  aj.  ■  tenna  It  also  simple  to  design  because  It  It  poaalble 

peered  to  have  no  future.  Into  a  potentially  practical  to  vary  the  leakage  conitant  without  meaaurably  af- 

wavegulde  with  attractive  features.  The  old  H  guide  fecting  the  phase  constant,  and  because  our  theory 

stressed  Its  potential  for  low-loss  long  runt  of  yields  closed-form  expressions  for  the  leakage  and 

waveguide  by  making  the  spacing  between  the  metal  phase  constants, 

plates  large,  certainly  greater  than  half  a  wave¬ 
length;  as  a  result,  the  waveguide  had  lower  loss,  PRINCIPLE  OF  OPERATION  OF  THE  LEARY- 

but  any  discontinuities  or  bends  in  It  would  produce  WAVE  ANTENNA 

leakage  of  power  away  from  the  guide,  Yoneyama 

and  Nlshlda  observed  simply  that  when  the  spacing  The  new  waveguide,  shown  in  Fig,  1,  looks 

Is  reduced  to  lest  than  half  a  wavelength  all  the  like  the  old  K  guide  except  that  the  speclng  between 

bends  and  discontinuities  become  purely  reactive;  plates  Is  less  than  half  a  wavelength  to  assure  the 

they  therefore  call  their  guide  "nonradlatlve  dlelec-  nonradlatlve  feature.  In  the  vertical  (y)  direction, 

trie  waveguide. "  As  a  result  of  this  modification,  the  field  Is  of  standing  wave  form  In  the  dielectric 

many  components  can  be  constructed  easily,  end  In  region  and  is  exponentially  decaying  in  the  air 

an  Integrated  circuit  fashion,  and  these  authors  regions  above  and  below.  The  guided  wave  propa- 

proceeded  to  demonstrate  how  to  fabricate  some  of  gates  In  the  a  direction,  The  leaky-wave  antenna 

them,  such  as  feeds,  terminations,  ring  rsionntore  baaed  on  this  waveguide  ii  shown  In  Fig,  2.  In  Fig. 

and  filters.  2(a)  we  see  that  the  antenna  Is  ersatsd  simply  by 

decreasing  the  distance  d  between  the  dielectric 

These  papers  [X,  Yoneyama  and  S.  Nlshlda,  strip  and  the  top  of  the  metal  plates,  vh>en  distance 

1981a  and  b]  treat  only  reactive  circuit  components,  d  is  small,  the  fields  have  not  yet  decayed  to  nagU- 

and  no  mention  Is  made  of  how  this  type  of  wave-  gible  values  at  the  upper  open  and,  and  therefore 

guide  can  be  used  In  conjunction  with  antennas.  The  some  power  leaks  away.  The  upper  open  end  forma 

present  paper  serves  two  functions.  First,  It  shows  the  antenna  torture,  end  the  aperture  amplitude 

that  a  leaky-wave  antenna  can  be  readily  fabricated  distribution  is  tapered  by  varying  the  distance  d  as 

with  ";;unradlatlve  ji  elec  trie  waveguide,  "  and,  In  a  function  of  the  longitudinal  variable  z.  The  po- 

fact,  that  It  can  be  directly  connected  to  the  above-  larisatlon  of  the  antenna  is  seen  to  be  vertical  In 

mentioned  circuits  In  integrated  circuit  fashion.  If  view  of  the  electric  field  orientation  In  the  wave- 

desired.  Second,  It  presents  a  very  accurate  theory  guide, 

for  the  leakage  and  phase  constants  of  the  antenna. 

A  key  featui  e  of  this  theory  Involves  an  almost-  The  antenna  Is  seen  to  bo  very  simple  In 

rigorous  transverse  equlvalenc  network,  which  re-  structure.  A  side  view  of  the  antenna,  shown  In 

quires  two  coupled  transmission  lines.  Some  Fig.  2(b),  Indicates  that  the  taper  in  the  antenna 

subtle  features  are  Involved  in  the  derivation  of  the  ampUtuda  distribution  Is  achieved  easily  by  potl- 

clemants  of  this  equivalent  network,  Including  the  tionlng  the  dielectric  strip  waveguide  with  respect 

best  choice  of  constituent  transverse  modes,  an  to  the  upper  open  end,  end  also  that  the  feuding  strip 

analytic  continuation  Into  the  below  cutoU  Uoniein,  con  be  readily  connected  to  some  other  part  of  the 

and  mode  coupling  at  an  alr-dleloctrlc  interface.  millimeter  wev#  circuit  and  therefore  serve  as  the 

in  the  discussion  below,  we  present  the  structure  output  from  It. 

of  the  antenna,  the  principle  of  operation,  an  out¬ 
line  of  the  almost-tlgorous  theory,  and  a  typical 
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ALMOST-RIGOROUS  TRANSVERSE  EQUIVALENT 
NETWORK 

The  entenne  is  enelyzed  at  a  Leaky  waveguide 
which  poiieeeei  a  complex  propagation  constant 
g-ja,  where  g  is  the  phase  constant  and  a  Is  the 
attenuation  or  leakage  constant.  We  thus  establish 
a  transverse  equivalent  network  tor  the  cross  sec* 
tion  of  the  antenna,  and  from  the  resonance  of  this 
network  we  obtain  the  dispersion  relation  for  the 
g  and  a  values.  An  almost-rigorous  equivalent  net¬ 
work  is  presented  in  Fig.  3,  where  it  is  seen  that 
two  coupled  transmission  lines  are  required  in  the 
representation.  The  reason  for  two  lines  is  that 
the  waveguide  modes  are  hybrid,  and  possess  all 
six  field  components  In  the  presence  of  the  radiating 
open  end. 

If  we  employ  the  usual  TE  and  TM  modes  in 
these  transmission  lines  which  represent  the  con¬ 
stituent  transverse  modes,  the  lines  will  remain 
uncoupled  at  the  air-dielectric  interface  but  will  be 
coupled  together  at  the  radiating  open  end.  On  the 
other  hand,  the  open  end  is  uniform  longitudinally, 
and  this  geometrical  arrangement  suggests  the  use 

of  E^*^-type  and  H^®*-typa  modes  (alternatively 
called  LSM  and  LSE  modes,  respectively,  with  re¬ 
spect  to  the  xy  plans),  Transmission  lines  repre¬ 
senting  such  modes  will  not  couple  at  the  radiating 
open  end,  but  do  become  coupled  at  the  air-dielec¬ 
tric  Interface.  These  two  valid  but  alternative  re¬ 
presentations  were  considered,  and  we  chose  the 
second  of  these  as  the  simpler  approach  for  our 
antenna. 

The  transverse  equivalent  network  in  Fig.  3 

thus  corresponds  to  the  E^**-type  and  H^*^-typo 
tranuvoi'se  modes  monttoned  above.  Thf  coupling 
network  at  the  air»dielectrlc  interface  was  obtained 
from  an  adaptation  of  a  network  presented  earlier 
C  P.  J.  B.  Clarricoats  and  A.  A.  Oliner,  19651  for 
cylindrical  air-dielectric  interfaces,  and  suitably 
transformed  for  planar  interfaces. 

Thu  principal  new  feature  in  the  transverse 
equivalent  network  in  Fig.  3  relates  to  the  terminal 

admittances  representing  the  E^*^-type  and 
type  modes  incident  on  the  radiating  open  end. 

Those  admittances  were  not  available  In  the  litera¬ 
ture  but  were  derived  by  analytic  continuation  of 
expressions  for  reflection  coefficient  given  by  L.A. 
Weinstein  [  19691.  Those  reflection  coefficients 
applied  to  normal  incidence  of  ordinary  parallel 
plate  modest  modifications  were  made  to  account 
for  a  longitudinal  wavenumber  variation  (corres¬ 
ponding  to  oblique  incidence)  and  tlren  for  modes 
below  cutoff,  the  latter  step  producing  results 
which  appear  totally  different  since  the  phases  and 
the  amplitudes  of  the  reflection  coefficients  then 
become  exchanged. 

The  terminal  admittances  in  Fig.  3  assume 
that  all  the  higher  modes  in  the  transmission  lines 
decay  exponentially  to  infinity.  In  principle,  they 
"see"  the  air-dielectric  interface  distance  d  away. 
In  practice,  that  distance  is  large;  for  example, 
for  the  first  higher  mode  in  a  specific  case  the 
field  at  the  air-dielectric  interface  was  about  30  dB 
lower  than  its  value  at  the  radiating  open  end.  Be¬ 
cause  of  this  feature,  however,  we  hove  referred 
to  this  analysis  as  almost  rigorous. 


TYPICAL  NUMERICAL  RESULTS 

The  dispersion  relation  for  a  and  g  of  the 
leaky-wave  antenna  that  was  found  from  a  resonance 
of  the  transverse  equivalent  network  In  Fig.  3  con¬ 
tains  elements  all  of  which  are  in  closed  form,  thue 
permitting  easy  calculation.  We  have  examined  the 
various  parametric  dependences  of  a  and  g  on  the 
dimensions  a,  b  and  d,  and  on  the  dielectric  constant 
€,  in  order  to  clarify  design  information.  Hero  Wa 
present  only  a  single  typical  case,  corresponding  to 
certain  geometrical  paramotars  given  by  T.  Yoney- 
ama  and  S,  Nishida  [  19BLa1.  The  behavior  of  g 
and  n  are  shown  in  Figs.  4  and  5  for  this  case  as  a 
function  of  distance  d  (see  Fig.  2(a)).  For  distance 
d>2mm,  one  sees  from  Fig,  4  that  the  value  of  g 
remains  esseiitlally  unchanged,  as  desired.  It  is 
teen  in  Fig.  9  that  a  increases  as  d  Is  shortened, 
as  expected  since  the  field  decays  exponentially 
away  from  the  dielectric  region.  Thus,  the  value  of 
a  that  one  can  achieve  spans  a  very  large  range. 

Leaky-wave  antennas  are  often  designed  so 
that  90'7i  of  the  Incident  power  is  radiated,  and  the 
remaining  lO^o  is  dumped  into  a  load.  Following 
thle  criterion.  If  one  selects  da 2. 0mm  for  this 
geometry,  the  length  of  the  antenna  will  be  about 
40  cm,  and  i.._  beam  will  radiate  at  an  angle  of 
about  33^  from  f'.c  normal,  with  vertical  electric 
field  polariaatiun,  and  with  a  beam  width  of  approxi¬ 
mately  l*^.  A  larger  value  of  d  will  remit  in  a 
narrower  beam  whose  value  can  be  calculated  from 
the  curve  for  a  in  Fig.  4. 

A  lomewhat  elmllar  antenna  has  been  ana¬ 
lyzed  and  measured  [H.  Shlgesewa  and  K.  Takl- 
yama,  1964;  K.  Teklyama  and  H.  Shlgesawa,  1967; 
and  H.  Shlgesawa,  K.  Fujiyama  and  K.  Takiyema, 
19701 ,  An  extrapolation  from  that  study  implies 
that  our  values  for  the  leakage  constant  are  some¬ 
what  lower  than  what  they  would  predict.  Their 
analysis  is  approximate,  however,  and  the  measure¬ 
ment  procedure  they  use  is  Indirect  and  subject  to 
some  question.  We  have  recently  taken  some  pre¬ 
liminary  direct  measurements  which  show  good 
agreement  with  our  theoretical  calculations,  but 
more  caroful  meauui  uincni:!!  are  In  progress. 
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Fig.  1.  Cro!!  aectlen  view  of  nonradlative 


Ant«rm  Section — 1-| 


Fig.  2(b)  Side  view  of  antenna,  where  the  antenna  aperture 
dlatrlbutlon  can  be  tapered  by  altering  the  poeltlon 
of  the  dielectric  atrip,  and  the  etrlp  can  be  connected 
to  the  raet  of  the  millimeter- wave  Integrated  circuit. 
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Fig,  3,  Rlgoroui  triiniv«ri«  aqulvklant  natwork  for  th*  antanna  thown  In 
Fig.  2(a).  Thf  natwork  la  placad  on  Ita  aide  for  clarity. 


Phasa  conatant  S  in  radlana/metar  of 
tha  laakywava  antanna  In  Fig.  2(a)  aa 
a  function  of  d  In  mm,  ahowlng  that  B 
la  Indapandent  of  d  bayond  aoma  mini¬ 
mum  valua  of  d. 
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Fig.  5. 


Laakage  conatant  a  In  dB/metar  of  the 
laaky-wava  antanna  In  Fig.  2(a)  aa  a 
function  of  the  diatanca  d  in  mm  between 
tha  dialactrlc  atrip  and  the  radiating 
open  end. 
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2 .  Derivations  of  the  Constituents  of  the  Transverse  Equivalent  Network 


The  form  of  the  transverse  equivalent  network  is  shown  in  Fig.  3  of 
the  paper  reproduced  in  Sec.  A,  I.  It  is  seen  to  consist  of  constituent 
elements  that  correspond  to  the  various  geometric  discontinuities  contained 
in  the  f oreahortened-top  leaky  wave  antenna  structure  shown  in  Sec.  A,  1  as 
Fig.  2(a).  The  lengths  of  transmission  line  in  the  transverse  equivalent 
network  are  representative  of  the  transverse  modes  that  propagate  in  the 
uniform  regions  of  the  cross  section.  In  addition,  the  choice  of  modes 
modifies  the  form  of  the  network  in  basic  ways. 

As  mentioned  in  Sec.  A,l,  if  ordinary  TE  (or  H)  and  TM  (or  E)  modes 
are  used,  then  the  air-dielectric  interface  remains  a  simple  junction  but 
these  TE  and  TM  modes  become  coupled  together  at  the  radiating  open  end. 

On  the  other  hand,  if  H-type  (LSE)  and  E-type  (LSM)  modes  are  employed, 
they  become  coupled  together  at  the  alr-dlelectrlc  interface  but  remain 
uncoupled  at  the  radiating  open  end.  After  careful  consideration,  we 
chose  the  E-type  and  H-type  mode  formulation  as  the  sirup  let  one  on  balance. 

Expressions  for  the  field  components  and  the  characteristic  Impedances 
for  the  E-type  and  H-type  modes  relevant  to  this  geometry  are  presented 
in  subsection  (a)  below. 

These  E-type  and  H-type  modes  become  coupled  together  at  the  air- 
dielectric  interfaces,  but  their  coupling  can  be  represented  by  a  simple 
transformer  network  arrangement.  Also,  only  the  dominant  modes  are  coupled, 
and  no  higher-order  modes  are  excited,  as  at  true  geometric  discontinuities. 
The  derivation,  of  the  network  form  and  the  expressions  corresponding  to  it 
appear  in  svibsection  (b) .  It  should  be  recognized  that  this  network  form 
is  an  adaptation  to  planar  geometry  of  a  result  previously  given  by 
Clarricoats  and  Oliner  [28]  for  circular  geometries,  but  that  its  derivation 
and  utilization  In  planar  form  is  new.  Tills  constituent  result  is  therefore 
of  Interest  in  its  own  right. 
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The  Temaining  discontinuity  is  the  radiating  open  end.  As  shovm  in 
subsection  Cc) ,  and  aa  summarized  in  Sec.  A,  1,  the  constituent  terminal 
admittances  representing  the  E-type  and  H-type  modes  incident  on  the  open 
end  are  derived  by  making  sev'  I  necessary  modifications  of  a  result  de¬ 
rived  some  years  ago  by  L.  A.  ainstein  [29],  The  original  expressions 
of  Weinstein  were  valid  only  for  normal  incidence;  our  situation  contains 
a  variation  in  the  longitudinal  direction,  with  the  incident  transverse 
modes  below  cutoff,  thus  requiring  appropriate  analytic  continuation  of 
these  expressions ,  The  details  are  contained  in  subsection  (c) . 

Each  of  the  constituent  expressions  has  been  derived  in  closed  form, 
which  is  a  significant  virtue  of  this  approach  and  these  derivations.  The 
complete  transverse  equivalent  network  thus  yields  a  dispersion  relation 
for  the  leaky  wave  that  is  likewise  in  closed  form.  The  dispersion  re¬ 
lation  is  summarized  in  subsection  (d),  together  with  some  added  remarks. 

(a)  The  Modes  Employed 

The  coordinate  system  to  be  used  appears  in  connection  with  Fig.  2(a) 
in  Sec.  A,  1.  The  final  leaky  wave  propagates  in  the  axial  (z)  direction, 
and  the  transverse  transmission  line  direction  is  the  vertical  (y)  direction. 
The  transmission  direction  of  the  transverse  modes  is  thus  the  y  direction. 
However,  the  structure  is  uniform  with  respect  to  the  z  direction.  The 
E-type  and  H-type  modes  to  be  employed  are  therefore  separable  with  respect 

to  z,  but  propagating  in  y.  It  is  accurate,  therefore,  to  designate  them 

C  2  )  C  z ) 

as  E  -type  and  H  '-type  modes  (or  alternatively  as  LSM  and  LSE  modes 
with  respect  to  the  z  direction) . 

We  shall  choose  the  E-type  and  H-type  notation,  and  follow  the  formu¬ 
lation  developed  by  Altschuler  and  Goldstone  [19]  but  with  our  coordinate 
system.  They  have  presented  the  derivations  o,f  the  pertinent  field  rela- 
tioria  and  the  orthogonality  relations,  so  that  we  will  not  repeat  them 
here.  However,  it  is  necessary  for  us  to  know  the  field  components  and 
the  characteristic  impedances  for  these  modes,  corresponding  to  our  choice 
of  coordinate  system. 
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The  constituent,  vertical  guiding  regions  in  our  antenna  structure 
(Fig.  2(a)  in  Sec.  A,  1)  are  portions  of  parallel  plate  waveguide,  either 
dii‘lecr.ric-f illed  or  air-filled.  We  also  recall  that  ordinary  TM  (or  E) 
anc;  TE  (or  H)  modes  would  be  characterized  by  the  presence  or  absence  of 
the  y  component  of  field,  whereas  the  E-type  and  H-type  modes  are  dis¬ 
tinguished  by  the  presence  or  absence  o£  the  appropriate  z  component. 


The  E-type  inodes  shall  be  denoted  by  primed  quantities  and  the  H-type 
modes  by  double-primed  quantities.  The  transmission  direction  J,8  y,  so 
that  the  components  of  the  mode  functions  for  the  i  th  E-type  modes  are 

til  I 

*^xi’  ®xl  ®zi’  Correspondingly,  the  components  of  the 

II  II  II 

mode  functions  for  the  i  th  H-type  modes  are  h^^,  e^^  and  with 

e  .  ■  0.  For  air-filled  regions,  the  relations  between  them,  and  the 

I  M 

expressions  for  the  characteristic  immltances  and  are: 


f 


(3.1) 

(3.2) 


II  II 


(3.3) 


uuk 


(3.4) 


Next,  we  present  the  explicit  field  components  for  the  parallel  plate 
waveRulde  constituent  regions  under  the  condition  that  a  net  traveling 
wave  propagates  along  the  z  direction,  so  that  P/Sz  yields  -jB  ,  where 
B  .  We  also  particularize  the  expressions  for  the  dominant  mode  of 
each  mode  type.  It  is  straightforward  to  generalize  the  expressions  fur 
the  i  th  mode.  The  parallel-plate  geometry  and  the  associated  coordinate 
system  are  given  in  Fig.  3.i. 


Fig.  3.1  Parallel  plate  waveguide  and 

associated  coordinate  system. 

E<'>  -  type 

Hi{x,y,z)  =.  P(y)  h>{z,z) 

“/'(»)  sin 

V  a  0 

E',{i,y,z)  —  V'{y)  «i(x,z) 

“  V'iv)  e-jf’ 

V  a  a 

Ej(x,y,z)  -  V>(y)  ej(x.z) 


(3.6) 


(3.6) 


(3.7) 
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COS - e 


£;(x,y.2) 


{^'xK')t 


_j _ 

yu»«,«,  dz 


V^f-^1 

V  a  ^wt^s. 


slniLl  t-if‘ 
a 


UJ(,t, 
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(b)  The  Alr-Dlelectrlc  Interface 


Wti  note  from  the  structure  depicted  in  Fig.  2(a)  in  Sec.  A,  1,  that 
two  air-dielectric  interfaces  appear  in  the  cross  section  when  viewed  in 
the  y  direction.  One  of  these  Interfaces  is  depicted  in  Pig,  3.2„ 


Fig.  3.2  An  air-dielectric  interface 
in  a  parallel  plate,  region. 

If  ordinary  IE  and  TM  modes  were  employed  in  the  y  directio.n,  the 
air-dielectric  interface  would  represent  a  simple  Junction  between  trans¬ 
mission  lines,  and  the  TG  and  TM  modes  would  not  be  coupled  together  at 
the  interface.  For  the  G-type  and  U-type  modes  we  employ,  however,  these 
modes  do  couple  at  the  interface,  and  the  purpose  of  this  section  is  to 
derive  a  simple  network  to  describe  this  coupling. 

A  coupling  network  of  this  type  was  derived  previously  by  Clarricoate 
and  Ollner  [28]  for  inhomogeneous ly  filled  circular  waveguides.  Ther.e,  the 
geometry  was  radial,  and  the  transmission  lines  were  the  so-callnd  E-type 
and  H-type  radial  transmission  lines  developed  by  N,  M,arcuvit«  [jO].  These 
radial  transmission  lines  represent  propagation  In  the  radial  direction. 
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but  ara  found  to  be  separable  with  respect  to  the  axial  direction.  In 
our  case,  the  geometry  Is  planar  rather  than  cylindrical;  the  modes  prop¬ 
agate  in  y  but  are  separable  with  respect  to  the  z  (.axial)  direction. 

The  strong  similarities  present  suggest  that  the  procedure  introduced 
there  can  be  adapted  for  use  here,  and  indeed  this  turns  out  to  be  the 
case . 


The  boundary  conditions  that  must  be  satisfied  at  the  air-dielectric 
interface  are 


(3.19) 


that  is,  the  tangential  electric  and  magnetic  fields  must  be  continuous 
across  the  Interface.  In  terns  of  components,  relations  (3.19)  become 


(£’fl  +  E-ft)  +  —  au  ( Js;  +  E,)  +  El 

1* H",,  g,  ( ffj  +  2,  N-, 


(3.20) 


where  x  and  z  are  unit  vectors,  and  the  arguments  of  the  components  are 

0  w 

dropped  for  simplicity.  Expressing  (3.20)  In  terms  of  mode  functions,  and 

equating  the  x  components  and  the  z  components  separately,  we  obtain 
~o  “O 


+  Vie,l  -  Vt-,  +  VtJ 


Vit,l  - 


(3.21) 


+  i’Xl  -  +  I'hi 


-  r-E, 


(s.aa) 
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Upon  examination  of  the  mode  functions  presented  In  expressions  (3.5)  to 
(3.7)  and  from  (3.13)  to  (3.15),  we  find  that 


hA  -A,' 


h\.  -k% 


(3.23) 


On  use  of  (3.23),  relations  (3.21)  and  (3.22)  reduce  to 


V'  -  V 


(3.84) 


V»,-  V  -  V» 


•f  “ 


I>r  /'  -  /• 


(3.86) 


When  the  relations  In  (3.23)  are  divided  by  V  and  I  ,  respectively,  and 
use  Is  made  of  (3.24),  (3.25)  becomes 


If  “  T 


(3.86) 


A  il 

V'  ■  V" 


r  4".- 4% 
V'  4; 


The  two  equations  in  (3.26)  can  be  multiplied  together,  eliminating  the 

•  II 

ratio  V  /I  and  yielding 


(i!l.  it,  (iL.  il,  _ 

'  r,  iij  e. 


(3.37) 


-  114  - 


Finally,  (3.27)  can  be  rewritten  as 


fl 


'II  "^i  "I 

Z  )  (Y  +  Y  ) 


h  -  h  ^ 
X  xe 


e  -  e 

X  xe 

II 


(3.28) 


II  ^  I 

where  and  Y^  are  the  impedance  of  the  H-type  mode  and  the  admittance 
of  the  E-type  mode  at  the  alr-dielectrlc  Interface  looking  Into  the  di- 

-►II  -►! 

electric  region,  and  Z  and  Y  are  the  corresponding  quantities  looking 
into  the  air  region,  k  change  in  sign  results  when  an  impedance  or  ad¬ 
mittance  is  taken  looking  in  the  opposite  direction. 

A  simple  network  form,  shown  in  Fig.  3.3,  can  be  drawn  based  on  (3.28) 
which  is  representative  of  the  coupling  between  the  E-type  and  H-type  modes 
at  the  alr-dielectrlc  interface.  The  turns  ratio  H  in  this  network  is  then 
given  by 


h  -  h  _ 

X  xe  . 

I 

h 

X 


e  -  e  ^ 

X  xe 

II 


(.3.29) 


When  expressions  (3.6),  (3.7),  (3.14)  and  (3.15)  are  used  for  the  mode 
functions  in  (3.29),  we  obtain  for  the  turns  ratio  N 


(F/a)k;  e(ej-l) 


(3.30) 


The  network  in  Fig.  3.3  can  be  used  as  a  constituent  in  a  transverse 
equivalent  network  that  is  representative  of  the  H  guide  or  NRD  guide 
structure  shown  in  Fig.  1  in  Sec.  A,  1.  A  transverse  resonance  equation 
can  then  be  set  up  using  E-type  and  H-type  modes,  utilising  relations 
(3.30)  for  N  and  (3.12)  and  (3.18)  for  the  appropriate  characteristic 
immittances  of  the  transmission  lines.  A.  Sanchez  has  shown  in  his  Ph.D. 
thesis  [31]  that  the  dispersion  relation  derived  in  this  fashion  reduces 
readily  to  the  one  given  in  the  literature  and  found  by  employing  the 
usual  TM  mode  in  the  y  direction.  It  is  a  cumbersome  method  for  that 
simple  problem,  but  it  is  Indeed  mathematically  equivalent. 
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His  results  apply  to  propagating  TMj^  (or  Ej^)  and  TE^  (or  Hj^)  modes 
In  parallel  plate  guide  normally  incident  on  the  radiating  open  end.  Our 
case  involves  modes  with  longitudinal  variation  along  z  which  are  below 
cutoff,  so  that  it  was  necessary  to  analytically  continue  Weinstein's 
results  in  an  appropriate  manner.  His  expressions  are  of  great  value, 
however,  since  they  were  derived  using  the  factorization,  or  Wiener-Hopf, 
method,  and  are  therefore  rigorous. 

The  analytic  continuation  required  two  steps.  First,  we  recall  that 
for  NRD  guide  it  la  necessary  to  maintain  the  plate  spacing  less  than  a  half 
wavelength  so  that  the  Incident  modes  would  be  below  cutoff  even  If  there 
were  no  axial  variation.  This  circumstance  calls  for  an  analytic  contin¬ 
uation  of  Weinstein's  reflection  coefficients  to  modes  below  cutoff. 

The  next  step  accounts  for  the  longitudinal  variation  of  the  Incident 

/  2^  C  Z  i 

E  -type  and  H  -type  modes.  These  modes  become  the  normally-lncldent 
TEj^  and  modes,  respectively,  when  g  ••  0  In  expressions  (3.5)  through 
(3.18).  The  paper  [19]  by  Altschuler  and  Goldstone  has  also  Indicated 
how  the  reflection  coefficients  must  be  modified  when  a  longitudinal  vari¬ 
ation  Is  introduced  into  the  E-type  and  H-type  modes,  provided  that  these 
modes  remain  uncoupled  by  the  discontinuity  In  question,  as  Is  the  case  here. 
The  modification  Is  to  replace  ,  wherever  it  appears,  by  (k^-g  )“. 

(J.)  Summary  of  Weinstein's  Formulation? 

Weinstein's  rigorous  analysis  [29]  applies  to  TM^  and  TE^  modes  normally 
incident  on  the  open  end  of  parallel  plate  guide.  He  solves  for  the  re¬ 
flection  coefficients  of  the  surface  currents  In  each  case,  but  we  can  relate 
these  to  the  voltage  and  current  reflection  coefficients  of  Interest  In  our 
problem.  His  coordinate  system,  time  dependence,  and  other  notation  are 
also  different. 
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In  his  notation,  the  reflection  coefficients 


are  written  a§ 


where 


“  1^1,1 1  *' 


kj  •=  V  (?  -  'y)/(?  +  7)  «■*"» 


(3.31) 


(3.32) 


^1.1  kl  (9  -  1f)/(7  +  7) 


(3.33) 


?  — aA  .  7  — (a/ajT)  i/j 


(3.34) 


Quantity  Q  is  also  given  for  both  mode  types  by 


where 


0  «2  (2-  C  +  In—  -  -i-  aruin^  - 
q  2n  q 

“  7  “  Is 

C  - - (’S  7-  inn) 

»-00  J  ^ 

O'  <—0.365  —  V)  (  1 1  .1  » 

»- 1  V  It(n-  l) 


(3.36) 


(3.36) 


and  ^  are  the  coefficients  of  the  series 


oreem*  -  J]  aj^+,  *“••+« 


(3.37) 


where  -  I,  -  1/6,  -  3/40  ...,  and  is  given  by 
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(3.38) 


with  =>  0.123  ,  ”  0.014  , 


We  find  above  what  is  customary  In  these  factorization  procedures, 
that  the  magnitudes  are  simple  In  form  but  the  phase  expressions  are 
complicated. 

We  next  need  to  relate  these  reflection  coefficients  for  the  wall 
current  densities  to  the  voltage  and  current  reflection  coefficients  cor¬ 
responding  to  our  transmission  line  formulation.  In  this  connection,  we 
may  write  [32]  for  the  (or  Hj)  mode 


J  w  U 


V.  .  (Z  E  ) 

t  0  ^ 


(3.39) 


where  the  time  dependence  Is  exp (Jut).  Since 


E  -  V(y)e  (x) 

“t  -t 

we  see  that  the  reflection  coefficient  for  the  current  density  J_  is  also 
the  voltage  reflection  coefficient.  Consequently, 


*1,1  • 


(3.40) 


for  the  (or  H^)  mode,  where  Sara  still  given  by  (3.32)  and 

(3.35),  and  the  double  prime  is  employed  because  of  the  mode  involved. 


For  the  TMj^  (or  Ej^)  mode,  we  may  write  [32] 


j  -  -H  -  -l(y)h  (X) 

y  *  wall  * 
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(3.41) 


Therefore,  the  reflection  coefficient  for  the  current  density  for  this 
mode  corresponds  to  the  current  reflection  coefficient 


*1.1 ' 


(3.42) 


where  ^  and  6  are  still  given  by  (3.33)  and  (3.35), 


It  was  indicated  in  (3.34)  how  q  and  Y  related  to  frequency  and 
wavenumbers  in  our  notation.  Elaborating  further,  we  find 


a  ^0^ 

"  X  "  '27r  •  Y  ■  2it 

0 


(3.43) 


so  that  y  •  /  q  -1/4 


becomes 


-(ir/a)‘ 


(3.44) 


and  factors  found  in  (3.32)  and  (3,33)  become 


(3.45) 


Analytic  Continuations 


The  first  step  is  to  analytically  continue  the  expressions  for  the 
reflection  coefficients  so  that  they  apply  to  modes  below  cutoff.  The 
term  Y  (see  (3.43))  is  now  imaginary  and  should  be  written  as 

Y  -  “j|  y| 


The  expression  for  the  phase  angle  9  is  not  aqblguous  if  principal  values 
are  taken  for  the  terms  J!,n(2/q),  arcsine  (y/q)  and  arcsine  (y/  /J)  .  We 
need  only  to  be  careful  in  the  choice  of  branches  in  the  complex  plane  for 
the  reflection  coefficient  magnitudes. 
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In  Fig.  3.4  we  sutnoarize  the  three  mappings  that  are  Involved  in  as¬ 
certaining  the  choice  of  branches  that  correctly  analytically  continue  the 

I  "  1  1  '  1 

reflection  coefficient  magnitudes,  j  and  . 

1)  The  mapping  q-*-'Y maps  the  segments  of  the  real  axis  l/2<q  <3/2 
and  0<q<l/2  onto  the  segments  0<y</7  of  the  real  axis  of  the  y  plane  and 
the  segment  of  the  imaginary  y  axis  between  zero  and  -(1/2) j,  respectively. 
We  recognize  that  q  «  1/2  corresponds  to  mode  cutoff. 


2)  The  mapping  1  segment  of  the  real  axis  l/2<q<3/2 

onto  the  segment  of  the  real  axis  of  the  R^  plane  between  1  and 
C  -  [ (  3  +  2  /T  )  /  (  3  -  2  /T  )]  ^  >  1,  and  the  real  segment  0  <  q  <1/2 
onto  the  arcs  of  the  unit  circle  subtended  by  the  first  and  third  quadrants. 


3)  In  a  similar  manner,  the  mapping  q'+|R2,  1  segment  of  t\e 

real  axis  l/2<q<3/2  onto  the  segment  of  the  real  axis  of  the  plane  R^^^^ 

between  1  and  c’  ■  [(3-2/]?)/(3+2vn**<l,  and  the  real  segment  0<q<l/2  onto 
the  arcs  of  the  unit  circle  subtended  by  tha  second  and  fourth  quadrants. 


The  continuity  condition  of  the  mappings  and  ^ 

along  the  real  axis  of  the  q  plane  imposes  the  choice  of  the  arcs  of  the 
unit  circle  situated  in  the  first  and  fourth  quadrants  as  the  correct 
analytical  continuation  of  the  |r^  and  |r^  quantities.  Thus 

Re  (  /(q  +  Y)/'(q  t  y)  )  >  ^ 


when  the  mode  just  goes  below  cutoff. 


Up  till  now  we  have  not  taken  into  account  the  variation  with  z  that 
is  present  in  our  problem.  When  we  include  this  variation,  the.  and  TEj 
modes  treated  above  become  the  H^*^-type  and  E^*^-type  modes  of  concern  to 

I 

us.  To  determine  the  effect  of  this  variation  with  z  we  change  q  to  q  , 


where 


q  -  k^a/2iT  ,  q’  ■  (k^  -  (a/2TT) 


(3.46) 
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(3 ■*•272)/ (3-2^2  )  »  5.82 
(3-272)/ (8  +  2->/2)  *  0. 172 


From  (3.40),  bearing  in  mind  that  the  voltage  reflection  coefficient 
is  Che  negative  of  the  current  reflection  coefficient,  we  have 


-  r/=rv'  =( 


while  from  (3.42)  we  obtain 


-r* 


y  U3.(  I  e'® 


(3.47) 


(3.48) 


/  2  ^ 

The  terminal  impedance  for  the  -type  mode  and  the  terminal  admit- 

(z  1  * 

tance  for  the  E  ' -type  mode  corresponding  to  the  radiating  open  end  are 

cherefore  given  by 


and 


1  -  r*y  “*  Ut,  1  -  fy 


1  +r/ 
YTrJ 


Vi^*-Ttf/fl)»-)9°  1  +  r/ 
w/T,  j  -  r/ 


(3.40) 


(3.eo) 


It  should  be  remarked  that  the  characteristic  impedance  and  admittance 

appearing  in  the  last  two  equations  are  the  ones  for  the  E.,  and  H.  modes 

2  2  2  ^ 
when  is  replaced  by  k^  -  6  and  not  the  ones  corresponding  tc  the 

H^^^-type  and  E*''^^“type  raodas.  In  the  transverse  equivalent  network  given 


in  Fig.  3  in  Sec. 

I  I 

G  +JB  . 


ti  I 

A,  1,  Z  and  Y 
u  L 


II  II 

are  written  respectively  as  R  +jX  and 
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(d)  The  Dispersion  Relation  for  the  Leaky  Mode 


In  subsection  (a)  above,  we  have  presented  expressions  for  the  mode 

{2)  ( z  ^ 

functions  and  the  characteristic  impedances  of  the  E  -type  and  H  -type 
modes  that  propagate  in  the  uniform  regions  of  the  cross  section.  We  can 
therefore  characterize  exactly  the  properties  of  the  various  transmission 
lines  in  the  transverse  equivalent  network.  In  subsections  (b)  and  (c) , 
we  have  derived  rigorous  expressions  and  network  forms  for  the  air-dielec¬ 
tric  interface  and  the  radiating  open  end,  respectively.  We  therefore  iiuve 
all  the  constituents  of  the  complete  transverse  equivalent  network  shown 
in  Fig.  3  of  Sec.  A,  1. 


The  dispersion  relation  for  the  leaky  wave  behavior  is  then  obtained 
by  taking  a  free  resonance  of  this  transverse  equivalent  network.  The  . 
resulting  dispersion  relation  emerges  in  a  straightforward  manner  but  is 
somewhat  messy  in  form.  A  simpler  network  form  results  if  the  structure 
is  made  symmetrical  so  that  it  leaks  from  both  ends;  we  may  then  bisect 
the  network  with  a  short  circuit.  The  dispersion  relation  for  this  simpler 
network  may  then  be  expressed  in  the  following  simple  form. 


[Z*,m  +  +  ^.'0)1  - 


(3.62) 

(3.63) 

iZ’’^  +  Z'leotiky^d) 

"  ‘  Z\col{k,,d)  +  jZ\ 

(3.5-1) 

y,  }y*  +  yieot{ky,d) 

‘  Y'tot^k^d)  +  iYi' 

(3.55) 

y: 


(3.68) 


2 


n 


k^-0^ 


k^-0^ 


2  **  ’ 

and  N  (g) ,  t  Y^  am  gi.ven  by  (3.30),  (3.49)  and  (3.50),  respectively. 


(3)  Numerical  Results 

t^slng  the  theoretical  expressions  derived  above,  we  have  obtained 
the  values  of  the  phase  constant  6  and  the  leakage  constant  a  as  a  function 
of  various  geometric  parameters.  These  quantities  are  the  cues  we  need 
in  order  to  design  the  antenna  In  response  to  performance  requirements.. 

In  the  short  paper  presented  In  Sec.  A,  1,  the  variations  of  a  and  3 
are  presented  as  a  function  of  d,  the  distance  between  the  alr-dlelectrlc 
Interface  and  the  radiating  open  end.  These  results  appear  there  as  Figs. 

4  and  S,  and  they  correspond  to  a  set  of  geometric  parameters  given  by 
Yoneyama  and  Nlshlda  In  their  original  paper  [  2  ]  on  NRD  guide. 

For  simplicity  in  design,  one  desires  chat  f  remain  constant  while  ot 
varies  greatly  as  a  function  of  a  specific  parameter.  In  that  way,  the 
geometry  can  be  changed  to  alter  a  without  changing  S ,  thereby  permitting 
one  to  taper  the  amplitude  distribution  and  simultaneously  maintain  the 
phase  linear  along  the  antenna  aperture  length.  The  variation  of  oi  and  0 
with  d  satisfies  this  requirement  provided  that  d  remains  less  than  about 
2  mm  for  that  sec  of  dimensions.  It  is  ssen  that  for  d>2mm  0  is  essentially 
constant,  whereas  a  varies  over  a  large  range. 

This  desirable  behavior  as  a  function  of.aliBtance  d  allows  us  to 
build  a  Capered  antenna  In  Che  manner  shown  In  fig,  2(b)  of  Che  short  paper 
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in  Sec.  A,  1.  The  taper  is  achieved  by  adjusting  the  position  of  the 
dielectric  strip  relative  to  the  open  end. 

Calculations  were  also  made  of  the  dependence  of  a  and  3  on  other 
geometric  parameters  and  on  the  relative  dielectric  constant.  In  these 
calculations,  the  dispersion  relation  was  solved  by  a  numerical  iterative 
procedure  that  requires  a  first  estimate  of  the  root  searched  for.  In 
most  cases,  the  estimate  was  taken  from  the  value  of  3  for  the  nonradia¬ 
ting  case,  for  which  the  dispersion  relation  is  simple  and  yields  real 
roots.  A  typical  number  of  five  iterations  was  enough  to  achieve  con¬ 
vergence,  and  double  precision  was  required  to  obtain  accurately  the  values 
of  a. 


The  variations  of  a  and  3  with  the  separation  a, between  the  plates 
is  given  in  Fig.  3.5.  Here  we  find  an  inverse  situation,  but  as  expected. 

As  one  varies  the  plate  separation,  the  value  of  3  changes  greatly,  but  h 
changes  only  a  little,  except  near  cutoff.  In  fact,  ot  remains  flat  over 
a  reasonably  vide  range  of  a/X^.  Tl:iese  dependences  permit  the  designer  to 
vary  spacing  a  to  adjust  3,  and  therefore  the  angle  of  the  radiated  boem, 
and  to  vary  d  to  adjust  a,  and  therefore  the  beam  width.  The  variation  of 
ot  vs.  a  in  Fig.  3.3  also  implied  that  a  small  variation  in  plate  spacing 
will  negligibly  affect  the  side  lobe  distribution. 

The  dependencesof  a  and  3  on  the  thickness  b  of  the  dielectric  strip 
appear  in  Fig.  3.6.  Hera,  both  a  and  3  change  as  b  is  varied.  Most 
significantly,  the  leakage  constant  a  decreases  as  the  strip  becomes  thicker. 
This  behavior  is  to  be  expected  physically,  since  a  thicker  dielectric 
strip  produces  a  greater  field  confinement  to  the  region  of  the  strip; 
as  a  result,  the  field  amplitude  at  the  radiating  open  and  is  less  and, 
in  turn,  less  leakage  power  is  produced. 

*  .  m 

The  last  parameter  that  can  be  varied  is  the  dielectric  constant 
of  the  dielectric  atrip;  tlie  effects  of  on  a  and  3  are  shown  in  Fig.  3.7. 
It  is  interesting  that  the  leakage  constant  varies  two  orders  of  magnitude 
between  cutoff  and  the  onset,  of  the  slow-wave  region,  and  that  this  whole 
range  can  be  spanned  by  changing  from  2.0  to  only  3. A.  Furthermore, 
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Fig.  3.5  Curves  of  leakage  constant  a  and  phase  constant  3  as  a  function 

of  the  plate  spacing  a,  for  the  foreahortened-top  NRO  guide  antenna. 


a(dB/m) 


fig.  3.7  Curves  of  phase  constant  3  and  leakage  constant  a  as  a  function 
of  the  relative  dielectric  constant  6^  of  the  dielectric  strip, 

for  the  foreahortened-top  NRD  guide  antenna. 
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a  strip  with  ■  2.20  can  have  roughly  double  the  leakage  of  a  strip  of 
the  same  dimensions  but  composed  of  polystyrene,  with  ■  2.56.  This 
decay  of  a  with  increasing  is  readily  understood  physically  since  the 
fields  are  more  confined  for  higher  values,  so  that  less  field  arrives 
at  the  antenna  aperture,  and  the  leakage  is  reduced.  We  note  that  the 
phase  constant  3  changes  greatly  with  e^,  as  expected,  but  also  that  the 
variation  is  linear  over  a  wide  range  of  when  the  guide  is  away  from 
cutoff. 
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B.  THE  FORESHORTENED-TOP  ANTENNA;  PERTURBATION  ANALYSES 


The  perturbation  analyses  were  originally  conducted  in  order  to  check 
whether  or  not  the  accurate  analysis  discussed  under  Sec.  A  contained  some 
inadvertent  analytical  or  numerical  error.  Such  errors  ere  less  likely  in 
the  simpler  perturbation  analyses,  and  they  furthermore  offer  an  alternative 
result.  As  mentioned  In  the  Introductory  remarks  to  Part  111,  concern 
with  respect  to  the  validity  of  the  accurate  analysis  arose  when  the  same 
approach  was  applied  to  a  somewhat  similar,  but  simpler,  problem  for  which 
both  approximate  theory  and  measurements  were  given  (see  Sec.  C  below);  our 
theory  differed  by  almost  a  factor  of  two  from  those  measurements  and  theory. 

Later,  we  also  performed  our  own  careful  measurements  and  we  received 
measured  data  from  Professor  Yoneyama,  and  all  of  those  results  agreed 
vary  well  with  our  theory,  thereby  verifying  that  our  theory  Is  correct, 
and  that  the  earlier  measurements  and  theory  that  raised  doubts  were  ac¬ 
tually  wrong.  As  we  see  below  in  this  section,  the  perturbation  calcu¬ 
lations  also  agree  well  with  our  accurate  theory. 

We  conducted  two  types  of  perturbation  analysis.  One  type  is  based 
on  the  transverse  equivalent  network,  with  both  of  its  constituent  trans¬ 
mission  lines;  the  second  type  Is  simpler,  UHlng  a  reflec'lon  coefficient 
directly  and  employing  only  one  transmission  line.  Both  approximate  pro¬ 
cedures  yield  good  agreement  with  the  accurate  theory,  as  /e  show  below. 

Since  these  perturbation  procedures  yield  good  agreement  with  ac¬ 
curate  results,  and  since  they  are  simpler  to  compute  from  than  the  com¬ 
plete  accurate  theory,  they  are  useful  In  their  own  right,  no  matter  why 
they  were  derived  originally.  They  can  be  used  in  many  engineering  situ¬ 
ations  when  good  approximate  results  are  enough  to  form  the  basis  for 
design. 

The  subsections  1  and  2  below  derive  the  perturbation  procedures,  and 
subsection  3  numerically  compares  the  perturbation  results  with  those  for 
the  accurate  theory. 
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1 ,  Procedure  Based  on  the  Tranaverae  Equivalent  Network 

One  approximate  approach  that  can  be  adopted  Is  to  assume  that  the 
radiation  (or  leakage)  from  the  actual  antenna,  shown  in  Fig,  3, 8(a),  which 
radiates  from  the  top  only,  is  equal  to  one  half  the  radiation  from  a 
symmetrical  structure  of  the  form  seen  In  Fig.  3.8(b),  which  radiates  from 
both  ends.  We  have  made  numerical  comparisons  to  determine  the  validity 
of  this  assumption,  and  It  turns  out  that  it  is  really  very  good  unless 
the  leakage  la  quite  large.  We  shall  therefore  base  our  perturbation 
procedure  on  the  dispersion  relation  (3.51),  which  holds  for  the  structure 
in  Fig.  3.8(b). 


(q)  (b) 


Fig.  3.8  Cross  sections  of  (a)  The  actual  asymmetric  foreshortened-top 

NKD  guide  antenna,  and  (b)  A  symmetrical  structure  foreshortened 
at  both  top  and  bottom  and  therefore  radiating  from  both  ends. 


Dispersion  relation  (3.51)  accounts  rigorously  for  the  radiation  and 
propagation  characteristics  of  the  leaky  wave  antenna  shown  in  Fig.  3.8(b), 
when  d,  the  distance  between  the  air-dlelectrlc  Interface  and  the  open  end, 


is  large  enough  to  preclude  higher  E^^^-type  and  H^^^-type  modes  excited 
at  the  open  end  from  reaching  the  air-dielectric  interface.  If  d  were 
not  large  enough,  we  would  need  additional  transmission  lines  which  would 
then  become  coupled  at  the  air-dielectric  interface,  and  the  problem 
would  become  very  involved.  Therefore,  d  is  kept  within  limits  for  which 
significant  higher  mode  interaction  between  the  two  discontinuities  does 
not  occur,  if,  in  addition,  d  is  maintained  within  a  limit  such  that  the 
fields  are  small  at  the  open  end,  we  can  expect  small  leakage  to  occur. 

In  this  instance,  a  perturbation  procedure  is  In  order. 

If  small  leakage  occurs,  the  propagation  characteristics  will  be 
close  to  those  of  the  nonradiating  NRD  guide,  with  infinitely  long  side 
walls.  The  phase  constant  will  then  be  given  closely  by  the  solution  for 
the  nonradiating  case,  for  which  the  dispersion  relation  is  quite  simple, 
and  its  deviation  from  it  will  be  small,  as  will  be  the  leakage  constant. 
The  solution  for  the  nontadiating  case  will  be  called  the  unperturbed 
solution. 

Let  us  call  3^  the  phase  constant  corresponding  to  the  unperturbed 
modal  field.  Then  is  the  solution  of 

(3,87) 

H  f 

where  Z  and  Y  are  characteristic  immittances,  given  by  (3.18)  and  (3.12), 

o  A 

respectively,  since  the  air-filled  regions  are  infinitely  long.  The  terms 

♦•M 

Z  and  Y  are  clearly 
£> 


^4  J  2’i  tan{kg,b/S) 
-  -J  cotik^i /S) 


(3.58) 

(3.50) 


and  N  is  given  by  (3.30).  Inspection  of  (3.57)  reveals  that  both  paren¬ 
theses  on  the  left  hand  side  are  pure  Imaginary  so  that  their  product  is 
2 

real,  us  is  N  .  The  solution  for  must  therefore  be  real,  conforming 
to  the  physical  reality  of  absence  of  leakage. 
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If  the  NRD  guide  Is  now  perturbed  by  terminating  the  parallel  plates 

M  ♦ 

at  a  distance  d  from  the  air-dielectric  interface,  Z  and  Y  become  Z 
and  Y^  ,  the  arrows  meaninj-,  that  these  immittances  are  not  the  character¬ 
istic  ones  but  the  equivalent  Impedance  and  admittance  of  the  radiating 

-Vll  -►  I 

open  ends,  seen  through  a  length  of  transmission  line.  and  Y^  are  now 
complex  numbers  that  will  produce  a  complex  solution,  denoted  by 

““  (J3t  +  -  jai  a,^  mall  (3.60) 

We  therefore  seek  a  solution  of  the  form  (3.60)  for  the  equation 

[7-(0)  +  f-,(/9)l  +  ?.'(y9)]  -  N“(/J)  (3.61) 


Solution  of  (3.61)  by  the  perturbation  procedure  is  equivalent  to  its 
linearization.  Both  aides  of  (3.61)  are  expanded  around  the  propaga¬ 
tion  constant  of  the  unperturbed  guide,  and  terms  of  order  higher  than  the 
first  are  disregarded.  We  thus  obtain 


d0 


N^(0,)  + 


where  and  stand  for 


(3,62) 


(3.63) 


respectively.  Solving  for  di3  In  (3,63),  one  Ands 


d0 


^(/3.)5''(^.)  -  N«(^,) 


(3.6-1) 


where  the  derivatives  with  respect  to  B  are  denoted  by  a  dot  on  top  of 
the  corresponding  magnitudes,  the  taking  of  the  derivatives  being  prior 
to  the  evaluation  of  them  at  3^- 
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A  more  detailed  elaboration  of  (3.64)  allows  the  writing  of 


(I;  +  Z'ld  +  6))  (Yl  +  yj(  I  +  6'))  - 
(!';  +  ii%,  f'(^j  +  zbM  Yi  +  hf.  -  tjAt* 

where  the  new  symbols  are  InterpreUd  as 

( iL.)*— 


.)  T 


,)  I 


(y)“4-  1*^,P 

(y)“  -  I^mP 

<«.f) 

(y)*+  K.? 

!*...?(  T>* 

is 

(-)“  -  i^»P 

(3.87) 


Y'[0,)  W(^,) 


(3.8B) 


1  +  «(/9,) 


JZ^+  Zieotjk^d) 
l^eot{kf,d)  +-}Zl  *• 


(3.60) 


1  +  «'(/?#)  —  -vt:: 


;i7+ 

Y:i:ot{k^d)  +  jYi! 
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where  anJ  have  already  been  given  in  (3.49)  and  (3.50).  The  terms 

If  •  It  f  *1 

in  6  ,  6  ,  d  ,  and  d  have  been  neglected  in  the  denominator  of  (3.65). 
They  have  been  found  small  in  all  cases  considered  here,  and  their  in¬ 
clusion  would  unnecessarily  complicate  the  formulation. 

It  is  clear  now  that  the  denominator  of  (3.65)  is  real  and  therefore 
that  (3.65)  can  be  separated  into  real  and  imaginary  parts  in  £.  simple 
manner.  After  use  of  (3.57),  we  can  write 


. .  ' 

IC. 

■ 


(3.70) 


(3.71) 


II  It  II 


where  d  ■  d^  +  and  6  “ 


There  are  several  important  features  embodied  in  the  Last  two  equations 


namej.y : 


a)  The  fact  that  they  yield  Ag  and  a  in  a.a  explicit  fashion  permits 
one  to  assess  easily  the  influence  of  the  different  geometrical  and 
constitucivs  parameters. 


b)  The  effect  of  the  open  end  discontinuity,  which  Is  Included  in  d 

ft 

and  6  ,  is  clearly  separated  from  other  elements  of  the  networVt. 


c)  The  relative  contributions  of  the  E^^^-type  and  tt^*'^-cype  modes 
in  the  expression  for  the  attenuation  constant  a  are  given  by 

[  v,7( +  >*')  ]  [zH/i'z'i  +  Zt)  ] 


d)  If  the  only  parameter  changed  is  d,  the  attenuation  is  linearly 
dependent  on  it  since  the  <S's  depend  exponentially  on  this  parameter  through 
terms  cot(l(  d) ,  as  can  be  seen  from  equatipns  (3.69)., 


2.  simpler.  Reflection  Cpefftelent,  Procedure 

A  simpler  perturbation  relation  will  be  derived  next,  and  it  also  Is 
based  on  the.  symmetrical  structure  of  Tig*  3.8(b).  The  unperturbed  struc~ 
ture  is  again  the  nonradiating  symmetrical  NED  guide,  with  its  side  Walls 
going  to  infinity.  The  perturbed  structure  is  that  of  Fig.  3.8(b).'  The 
difference  now  is  that  we  begin  with  a  single  tipanstaibsion  line  supporting 
a  TM  mode  in  the  y  direction,  rather  than  the  two  transmission  lines  sup¬ 
porting  the  E^*^-type  and  H^*^“typa  modes.  Tha  latter  representation  was 
rigorously  correct  in  both  the  perturbed  axid  unperturbed  situationa,,  whereas 
the  fomet  approach,  employing  only  a  single  mode,  is  exact  only  for  the 
unperturbed  geometry,  and  approximate  for  the  perturbed  one.  We  expect, 
therefore,  that  the  resulting  expression  will  be  simpler  but  less  accurate. 


We  also  employ  a  different  phrasing,  one  that  begins  directly  with  a 
perturbation  relation; 


i-[2.'(-t/e)r 


(a.72) 


The  quantities  in  this  relation  are  explained  in  tenos  of  the  unperturbed 
and  perturbed  transverse  equivalent  networks  uhown  in  Figs.  3.9  (a)  and  (b) , 
respectively.  The  subscript  u  refers  to  unperturbed  quantities,  the  primes 
signify  quantities  normalized  to  their  characteristic  Immittances,  an(i  the 
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(a)  unperturbed  CQse 


(b)  perturbed  cose 


Fig.  3.9  Crosa  section  of  bisected  nonradiating  NRD  guide  and 

Its  transverse  equivalent  network,  which  Is  used  as  Che 
unperturbed  case  In  a  perturbation  enalysla,  and  (b)  Cross  section 
of  bisected  radiating  structure  In  fig.  3.8(b),  and  an  approximate* 
transverse  equivalent  network  for  It  that  uses  only  one  trah*ini*ston 
line. 


^’3  describe  directly  the  changes  between  the  perturbed  and  unperturbed 
situations.  The  location  y  -  ••b/2  refers  to  the  short-circuit  bisection 
plane,  y  -  0  to  Che  air-dielectric  interface  (which  is  a  simple  Junction 
here  because  a  TM  (or  E)  mode  is  used  now,  rather  chan  E-type,  or  K-type 
modea),  and  y  -  d  corresponds  to  the  location  of  the  radiating  open  end 
in  the  perturbed  case.  The  perturbation  relation  (3.72)  applies  to  the 
dielectric-filled  region, 

in  (3.72),  Z^(-b/2)  -  0.  because  the  plane  at  y  -  -b/2  is  a  short- 
circuit  planes  simxiarly.  Az’(-b/2)  -  0  because  the  plane  remains  a 
short  circuit  after  the  perturbation  because  of  symmetry. 

The  term  la  seen  from  Fig.  3.9(a)  to  be 


n(o)  n 


(3.73) 


Which  18  Just  the  ratio  of  characteristic  admittances  for  the  air  and 
dielectric  regions.  For  AY  t  we  write 


Ay<(0)  —  y(o)  -  Yiio) 


(8.74) 


Thus,  we  need  to  know  y' (0) ,  where  the  termination  at  y  -  d  has  been 
changed.  We  then  write 


n.A)  -  ~  ^ 


(3.78) 


However,  we  know  that 


(3,78) 


where  r(b/2)  is  the  input  reflection  coeffic,ient  at  y  -  b/2  in  the  air 
region,  and  is  related  to  r(d)  by 


r(6/»)  «  r(-'' 


We  therefore  rephrase  (3.77)  as 


r(6/J)  as  r(<f)  «-*!*»*• 


(3.70) 


where  r(<i)  is  the  reflection  coefficient  at  the  radiating  open  ond  for 
Che  lowest  TM  (or  E)  mode. 


Relation  (3.79)  can  next  be  inserted  into  (3.76)  which  then  becomes 


m  i-nj> 


K  I +  r((l) 


But  £y  (0)  can  be  rephrased,  on  use  of  (3.75),  .is 


Ar(o) 


no)  no)  n 
n.  n.  n  n. 

n  rnoL  ■ 

y. 


y, 


Inserting  (3.80)  Into  (3.61)  yields 


A^O)  —  -  3 


2L  [ 


n. 


i+r(J) 


(3.80) 


(3,81) 


(3.83) 


Now  that  we  have  all  the  separate  pieces  we.  may  return  to  (3.72) 
and  insert  (3.73)  and  (3.82)  into  it.  We  then  obtain 


For  TM  (or  E)  inodes,  we  have 


I'.. 


(3.84) 


Use  of  (3.84)  in  (3.83)  yields,  finally, 


r(d) ' 
*  (M)  U?  P  +  <!%..]  i+rcd)  , 


(3.86) 


The  expression  for  r(d)  to  be  used  in  (3.85)  is  the  in  (3.48)  since 
the  H-type  mode  reduces  to  a  TM  mode  in  the  limit. 


The  perturbed  value  of  Is  given  by 


kfit  •* 


(a.se) 


and  it  is  related  to  the  perturbed  complex  propagation  wavenumber,  namely, 


*1  *•/?«  +  A®  -  /a 


(3.87) 


by  the  sum  of  squares  relation 


(3.88) 


(6  here  is  of  course  the  same  as  in  Sec.  B,  1.)  The  result  (3.85) 

''0 

thus  yields  ,  which  is  placed  into  (3.86)  and  then  into  (3.88),  from 
ye 

which  the  final  8  and  oi  values,  via  (3.87),  are  obtained. 


3.  Comparisons  with  Accurate  Analysis  - 


Numerical  calculations  of  the  values  of  a  and  A|3  have  been  made  using  the 
two  perturbation  procedures  derived  above,  and  those  results  have  been 
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compared  with  correspondln;',  calculations  made  by  means  of  the  accurate 
theory  discussed  in  Sec.  A  In  general,  the  comparisons  Indicate  that  the 
perturbation  expressions  a  e  rather  good.  They  are  less  valid  near  cutoff 
or  when  the  leakage  la  qui  e  strong.  This  last  comment  Is  especially  true 
for  the  simpler  formulation  described  In  Sec.  B,  2. 

The  next  few  figures  Indicate  the  comparisons  found  between  the  al~ 
most-rigorous  theory  and  the  more  accurate  perturbation  formulation  derived 
in  Sec.  B,  1.  In  Fig.  3.10,  such  a  comparison  Is  presented  for  values  of 
a  and  0  as  a  function  of  d,  the  distance  between  the  air-dlelectrlc  Inter¬ 
face  and  the  radiating  open  end.  The  perturbation  result,  Identified  by 
the  dashed  line,  Is  seen  to  track  the  almost-rlgorous  result  very  well 
over  the  whole  range  of  a  values.  The  deviation  is  slightly  greater  for 
values  of  d  less  than  about  2  mm,  where  the  values  of  u  become  large; 
similar  behavior  Is  found  for  B. 

Comparisons  as  a  function  of  plate  spacing  a  are  given  In  Fig.  3.11* 

The  agreement  for  B  is  seen  to  be  quite  satisfactory  over  a  large  range  of 
values  of  a/X^;  near  to  cutoff  and  to  the  slow-wave  region,  the  agreement 
begins  to  worsen.  This  behavior  near  the  two  ends  is  more  pronounced  for 
a,  where  the  agreement  Is  very  good  only  over  the  central  region. 

The  next  comparisons  are  shown  in  Fig.  3.12  for  variations  as  a 
function  of  b,  the  width  of  the  dielectric  strip.  Here,  the  agreement 
for  B  is  seen  to  be  very  good  everywhere,  and  to  be  quite  satisfactory 
for  a  over  a  wide  range  of  values.  The  agreement  worsens  somewhat  as  a 
becomes  large. 

The  comparisons  as  a  functl<m  of  appear  in  Fig.  3.13.  The 
agreement  for  B  is  good  over  most:  of  the  range,  but  It  gets  noticeably 
less  good  as  one  approaches  cutoff  at  one  end  and  the  onset  of  the  slow- 
wave  region,  at  3/k^  ■  1,  at  the  other  end.  For  a,  a  discrepancy  of  several 
percent  between  the  perturbation  and  almost-rlgorous  results  occurs  for 
quite  a  range  of  values  away  from  cutoff,  and  again  near  the  slow-wave 
region. 
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Fig.  3.i0  Conparlsons  of  results  between  the  slmoet-rlgoroue  theory 
and  the  first  perturbation  procedure  for  0  and  a  as  a 
function,  of  d,  the  dlatanca  between  the  alr-dlelectrlc 
Interface  and  the  radiating  open  end. 
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Fig.  3.12  Comparisons  of  rssults  bstwatn  tbo  almost  •rigorous  theory 
and  the  first  perturbation  procedure  for  B  and  a  as  a 
function  of  the  dielectric  strip  thickness  b  . 
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Pig.  3.13  Compaflsfin*?  of  raaults  betwcan  the  almoat-rigorous  theory 
ard  the  firet  perturbation  procedure  for  S  and  a  as  a 
Punctlun  oP  the  relative  dielectric  constant  e  of  the 
dielectric  atrip.  ^ 
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Even  in  Fig.  3.13,  where  the  agreement  is  probably  the  worst,  the 
perturbation  results  are  certainly  sufficiently  good  that  they  can  be 
used  for  preliminary  designs. 

A  comparison  that  lllusttates  how  good  the  simpler  perturbation 
procedure  is  appears  in  Fig.  3.14.  The  simpler  perturbation  method  is 
the  one  derived  in  Sec.  B,  2.  That  comparison,  for  ;:t  as  a  function  of  b, 
reveals  some  interesting  behavioral  dlfferencua  between  the  two  pertur¬ 
bation  results.  The  procedure  possessing  greater  rigor  (the  dashed  line, 
corresponding  to  the  theory  in  Sec.  B,  1)  tracks  the  almost-rlgorous 
result  quite  well  over  a  very  wide  range  of  values.  The  simpler  method 
(points,  corresponding  to  the  theory  in  See.  h,  2)  appears  to  produce 
better  agreement  with  the  almost-rlgorous  theory  than  the  other  per¬ 
turbation  procedure  when  the  values  a  ere  small.  However,  for  larger 
values  of  a,  the  deviation  from  the  almost-rii'orous  values  is  signifi¬ 
cantly  greater  for  the  simpler  formulation.  We  have  also  found  from 
other  calculations  that  the  simpler  procedure  becomes  much  poorer  as 
cutoff  Is  approached.  However,  if  one  stays  far  from  cutoff,  and  Is  con¬ 
cerned  with  small  values  of  oi,  the  simpler  perturbation  formulation  yields 
very  good  agreement  with  the  almost-rigorous  results. 
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Fig.  3,14  Results  I'.omparing  three  theories 
theory,  the  first  perturbation  p 
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C.  THE  FORESHORTENED-TOP  ANTENNA:  MEASUREMENTS 


It  was  mentioned  earlier  that  a  measurement  phase  was  Introduced  into 
this  research  program  even  though  the  original  contract  did  not  call  for 
any  measurements.  Before  we  discuss  any  of  the  measurement  procedures  or 
results,  therefore,  we  should  indicate  why  those  measurements  were  taken. 

A  structure  somewhat  similar  to  ours  was  analyzed  theoretically 
some  years  ago  in  Japan,  and  then  measurements  were  made  there  to  verify 
their  theory.  The  structure  was  an  H  guide  that  was  symmetrical  and  radi¬ 
ated  from  both  ends,  so  that  it  is  somewhat  simpler  than  ours.  (It  Is  also 
not  as  versatile,  and  it  produces  unwanted  radiation  at  every  bend  and 
junction.)  However,  our  theory  applies  to  that  structure  also,  and  we 
made  calculations  to  compare  with  those  made  in  Japan  by  Shlgesawa  and 
Takiyama  [33-35].  The  comparisons  between  our  theory  and  their  theory  and 
measurements  ure  shown  in  Fig.  3.15. 

It  is  seen  that  the  agreement  between  their  theoretical  and  measured 
results  is  not  bad,  but  that  our  theoretical  values  differ  rather  signi¬ 
ficantly  from  either  their  theory  or  their  measurements,  with  discrepancies 
appearing  that  are  almost  a  factor  of  two.  These  differences  produced 
concern  on  our  part. 

We  examined  both  their  theoretical  approach  and  their  experimental 
procedure,  and  we  found  that  both  were  subject  to  question,  'fwo  different 
theoretical  approaches  were  used,  and  both  were  approximate.  In  one  case, 
the  radiating  open  end  was  treated  in  a  Klrchhoff  procedure,  and  in  the 
second  case,  which  is  the  one  shown  in  Fig.  3.15,  which  yielded  better 
agreement  with  their  measurements,  the  paralLsl  plate  region  was  approx¬ 
imated  by  an  elliptic  cylinder.  The  measurements  were  also  approximate, 
and  open  to  question.  They  were  Insertion  loas  measurements,  where  a 
length  of  the  antenna  was  placed  between  Input  and  output  rectangular 
waveguides.  The  Input  and  output  sections  were  connected  to  the  radi¬ 
ating  section  by  tapers,  and  the  total  power  loau  was  measured.  This 
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rig.  3.15  Couparlsons  between  our  theoretical  calculations  and 

theoretical  and  measured  results  reported  by  Shigesuwa 
and  Taklyama  on  their  structure. 


total  power  loss  was  composed  of  three  contributions'  the  actual  leakage 
power,  the  intrinsic  loss  due  to  the  metal  anU  the  dlel&ctrlc  material, 
and  radiation  (coupling  losses)  from  the  tapered  junctions  between  the 
radiating  section  and  the  Input  and  output  suctions.  Approximate  cal¬ 
culations  were  made  for  the  metal  and  dielectric  losses,  and  iueae  values 
were  subtracted  from  the  total  measured  loss.  The  cuupli,"^  loss  was  not 
taken  into  account,  however.  The  amount  of  that  loss  is  unknown,  but  it 
could  be  significant  In  view  of  the  geometry  involved. 

•  * 

Although  neither  their  theory  nor  their  measurements  could  he  regarded 
as  accurate,  and  the  agreement  between  them  could  be  fortuitous,  we  were 
nevertheless  concerned  becausr  we  could  have  mavle  some  inadvertent  error 
in  either  our  analysis  or  In  our  computer  program.  We  therefore  undertook 


an  experimental  phase  in  our  program,  but  we  also  destgneu  the  measurement 
procedure  so  as  to  avoid  the  possible  errors  Introduced  into  the  earlier 
measurements. 

As  stated  In  the  Introduction  to  Part  Ill,  we  found  later  that  our 
theoretical  values  were  indeed  correct,  and  that  the  early  Japanese  results 
were  in  error.  Our  theoretical  values  were  confirmed  experimenta] ly  In 
two  ways.  The  first  Involved  our  own  measurements,  rrd  the  second  was  the 
result  of  independent  measurements  kindly  taken  by  Prof.  T.  Yoneyama  of 
Japan  at  our  request.  In  Sec.  C,  1,  we  describe  our  meaDurement  procedure, 
with  Its  adv'-i-agea  and  possible  pitfalls.  The  procedure  employed  by 
Yoneyama,  and  Che  results  he  obtained,  are  discussed  In  Sec.  C,  2.  The 
results  of  our  own  extensive  measurements,  and  how  they  compare  with  our 
theoretical  values,  are  presented  in  Sec,  C,  3. 

We  should  add  only  three  points  here; 

I 

(a)  Both  our  measurements  and  those  made  by  Yoneyama  cnnslstiid  of 
direct  probe  measurements  along  the  length  of  the  antenna  apettvxe.  Th^ 
contributions  from  the  intrinsic  metal  and  dielectric  losses  ware  measared 
and  subtracted  out  in  both  cases.  The  measurement  method  is  therefore  di¬ 
rect,  and  should  yield  accurate  reeults. 

(b)  Yoneyama' s  meaaurements  were  taken  at  BOGllz,  in  the  millimeter 
wave  range.  Our  measurements  were  made  in  the  frequency  range  between 
10  GHz  and  11  GHz,  where  Che  structures  were  scaled  up  in  size  to  permit 
greater  fabrication  accuracy.  We  also  Look  nany  more  measurements  than 
Yoneyama  did. 

(c)  Both  our  measurements  and  those  of  Yoneyama  showed  very  goed 
agreement  with  our  theoretical  values,  as  we  demonatrata  In  Secs.  C,  2 
and  3. 
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1 .  Measurement,  Procedure 


In  this  section,  we  describe  the  aet~up  and  measurement  procedure 
employed  in  our  own  measurements.  The  frequency  was  lowered  to  the 
X-band  range  so  that  a  structure  with  a  larger  cross  section  could  be 
built  for  these  measurements,  thus  assuring  better  accuracy.  The  only 
difficulty  with  Scaling  to  a  lower  frequency  is  that  tVie  structure  must 
then  be  made  longer  and  the' probing  occur  over  a  physically  longer  region. 

'rbe  leaky  structure  hds  the  cross  section  shown  in  Fig,  2(a)  In 
Sec.  A,  1,  and  it  was  made  uniform  along  most  of  its  length.  The  probe 
measurements  were  made  along  this  uniform  region.  At  its  input  end,  the  . 
leaky  structure  was  connected  in  a  tapered  fajshion  to  rectangular  wave-* 
guide,  an^,  at  its  output  end,  it  was  originally  bent  gradualljr  away  from 
the  radiating  open  end  and  terminated  In  lossy  material  meant  to  approx¬ 
imate  a  matched  load.  In  a  later ^  more  sophiqtlcated  a  taper  was 

built  into  the  output  end  identical  to  the  one  at  the  input  end,  and  then 
followed  by  a  true  matched ,lo4d. 

'  '  ,  *'  ‘ 

The  leaky  structure  was  about  2.0  meters  long,  and  was  fabricated 
cut  of  two  architectural  aluminum  right  angles  of  very  rigid  stock  placed 
parallel  to  each  other,  and  with  the  dielectric  strip  loi^ated  appropriately 
between  them.  The  dielectric  atrip  was  cut  from  a  polystyrene  rod  (Stycaat 
0005,  with  Ej,  •  2.36  and  tanfi  •  0.0005).  The  separation  between  the  plates 
was  selected  to  be  a  ■  C.SOO  inch  to  insure  that  the  basic  guide  is 
nonradlative  (a/X^>l/2)  in  the  frequency  range  of  our  measurotnents ,  and 
yet  to  have  low  metallic  losses.  The  dielectric  strip  thickness  was  made 
b  *  0.373  inch  so  that  only  the  lowest  mode  of  the  proper  polarization  can 
propagate.  The  relative  dimensions  chosen  here  were  proposed  by 
Yai'ieyema  and  Nishlda  in  their  first  paper  on  NRD  guide  [  2  ] . 

Spacers  between  the  plates  were  placed  well  below  the  dielectric  strip 
(on  the  nonradiating  side)  and  a'.ong  the  length  of  the  structure  to  keep 
the  aGparatii,'n  between  plates  co  istant  and  to  hold  the  dielectric  atrip 
tightly.  The  spacers  were  located  sufficiently  far  below  the  dielectric 
strip  the-  they  negligibly  affected  the  fields. 
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The  tapered  feed  end  was  designed  very  carefully  so  as  to  be  nonra¬ 
diating  and  also  symmetrical,  so  that  only  the  polarization  desired  would 
be  present  in  the  leaky  structure.  The  feed  arrangement  consisted  of  three 
separate  tapers  in  succession  to  Insure  these  requirements  would  be 

satisfied  without  undue  fabrication  difficulties.  Maintaining  symmetry  is 
very  Important  because  actually  three  NKD  guide  modes  can  propagate  in 
the  frequency  range  of  the  measurements.  These  three  modes  are  the  desired 
mode  with  E  vertical  and  two  modes  with  H  vertical;  the  latter  two  consi.st 
of  the  lowest  mode,  with  no  variation  of  field  between  the  plates,  and  the 
next  mode  with  a  half-sine  variation  there.  The  cutoff  frequencies  of  these 
three  modes  are,  respectively,  f  »  9.67  GHz,  f  ■  0  and  f  »  8.74  GHz. 

If  any  asymmetry  Is  present  In  the  feed  tapers,  therefore,  the  Incident 
wave  from  the  rectangular  feed  guide  would  excite  in  the  leaky  structure 
not  only  the  desired  mode  with  E  vertical,  but  the  other  two  as  well, 
thereby  introducing  a  strong  interference  pattern  along  the  leaky  structure 
Itself,  and  substantial  cross  polarization  In  the  radiated  field. 

In  addition  to  the  leaky  structure  itself,  we  require  a  probe  arrange¬ 
ment  to  be  responsive  to  the  square  of  the  electric  field  amplitude,  and 
to  be  moveable  along  the  length  of  the  r.'idlating  aperture.  A  miniature 
coaxial  probe  with  an  extended  center  conductor,  and  with  the  outer  con¬ 
ductor  covered  with  absorbing  material,  waa  Introduced  into  the  radiating 
end  of  the  cross  section;  it  was  maintained  at  a  corstant  distance  from  the 
metallic  plates  as  it  was  moved  down  the  structure  by  means  of  e  heavy 
gear  arrangemont.  At  first,  wo  Introduced  the  probe  from  the  other  (non- 
radlatlng)  end  of  the  cross  crctlon  because  the  probe  would  then  not  per¬ 
turb  the  radiation.  The  probe  then  oamples  the  evanescent  field  beneath 
the  dielectric  btrlp.  The  approach  was  valid  in  concept  but  it  turned  out 
to  be  too  aansltlve,  since  the  probe  was  located  in  a  field  that  was  ex¬ 
ponentially  decaying  at  a  rapid  rate. 

A  block  diagram  of  the  complete  set-up  '.e  shown  in  Elg.  3.16.  If  one 
were  to  make  probe  measuremen^a  alone,  it  would  not  be  necessary  no  have 
another  tronaition  after  the  leaky  guide  uor  to  have  the  two  power  meters 
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before  and  after  the  two  transitions.  The  additional  transition  and  power 
meters  were  placed  there  in  order  to  permit  us  to  take  insertion  loss 
measurements,  as  a  back-up  In  case  the  probe  measurements  were  not  success¬ 
ful.  It  turned  out  that  the  probe  results  were  very  good,  and  we  therefore 
did  not  conduct  any  insertion  loss  measurements. 

The  measurement  procedure  consists  of  probing  the  amplitude  of  the 
leaky  wave  along  the  length  of  the  leaky  structure,  and  therefore  the 
aperture  of  the  leaky  wave  antenna.  Whei  the  structure  is  longitudinally 
uniform,  as  in  these  measurements,  the  v.ilue  of  a.  is  readily  determined 
from  a  aemilog  plot  of  the  probe  output  is  a  function  of  position  along 
the  leaky  structure.  The  value  of  a  is  then  1/2  of  the  measured  slope 
on  the  semilog  plot. 

An  example  of  such  a  semilog  plot  is  given  in  Fig.  3.17;  actually, 
this  is  a  linear  plot  of  the  power  in  dB,  but  it  is  equivalent.  These 
data  hold  for  a  specific  frequency,  £  *  10.20  GHz,  and  for  a  specific 
distance  between  the  air-dielectric  interface  and  the  v^diatlng  open  and, 
d  ■  0.25  inch.  The  other  parameters  are  as  given  above:  a  •  0.500  inch, 
b  •  0.378  inch  and  •  2.56.  The  whole  probe  run  thus  corresponds  to 
a  single  set  of  dimensions  at  only  one  frequency. 

It  is  also  seen  that  the  actual  data  correspond  to  a  rippled  curve, 
because  of  some  spurious  mode  conversion  or  reflections  from  the  end  or 
what  have  you.  It  is  not  that  regular,  so  that  it  is  a  mixture  of  several 
contributions,  and  it  cannot  be  eliminated  entirely.  On  the  other  hand, 
the  straight  line  that  must  be  drawn  through  its  average  can  be  determined 
quite  accurately. 

Different  values  of  d  were  obtained  by  shifting  the  position  of  the 
dielectric  strip  relative  to  the  radiating  open  end.  The  values  of  d 
chosen  were  d  ■>  0.150,  0.200,  0.250,  0.300,  and  0.378,  all  in  Inches. 

The  values  of  a,  b  and  were  maintained  the  same.  Also,  for  each  setting 
of  d,  measurements  were  taken  at  a  series  of  frequencies:  10.1,  10.2, 
10.4,  10.6,  and  10.8,  all  in  GHz.  For  each  of  these  25  different  combin- 


atlons,  a  plot  similar  to  that  in  Fig.  3.17  was  obtained,  and  the  value 
of  ot  was  determined  from  the  slope  of  the  straight  line  through  the  average 
of  the  curve. 

That  value  of  a  is  the  total  loss  a.j,,  to  which  we  have  two  contri¬ 
butions:  the  leakage  loss  a,  which  we  seek,  and  the  intrinsic  metal  and 
dielectric  loss  a^.  The  value  of  for  each  of  the  selected  frequencies 
was  measured  by  applying  the  same  procedure  to  the  structure  when  d  is  made 
BO  large  that  no  radiation  results.  Sulitraction  of  the  appropriate  value 
of  a.  from  each  determination  of  a.  yields  the  desired  series  of  values 
of  leakage  constant  ot.  In  Fig.  3.17,  tie  value  of  c(^  is  2.3  dB/m  com¬ 
pared  to  a  measured  value  of  26.0  dB/m  for  a,p. 

In  the  discussion  above,  we  have  described  in  some  detail  the  basically 
straightforward  measurement  set-up  that  we  designed,  the  feed  taper  being 
the  only  complicated  and  sophisticated  part,  and  the  simple  and  direct 
measurement  procedure  based  on  probing  the  field  along  the  aperture  length. 
Before  moving  on  and  describing  the  measurements  taken  by  Yoneyama,  we 
should  mention  some  difficulties  that  arose  in  the  early  stages  of  our 
measurements.  It  is  desirable  to  Include  some  comments  about  these  dif¬ 
ficulties  because  they  led  both  to  our  request  to  Prof.  Yoneyama  for  mea¬ 
surements  to  be  taken  by  him  and  to  our  recognition  that  the  asymmetric 
leaky  wave  antenna  described  below  in  Sec.  D  should  work  well. 

When  we  designed  the  first  leaky  structure,  we  did  not  have  available 
a  dielectric  strip  of  sufficient  thickness,  but  we  did  bavp  many  strips  of 
half  that  thickness.  We  therefore  took  two  strips  and  glued  them  together 
longitudinally,  by  placing  dabs  of  some  dielectric  glue  more  or  lets  peri¬ 
odically  all  along  the  length.  The  actual  process  was  conducted  by  our 
machine  shop  personnel  who  said  they  bad  used  this  glue  previously  with 
success.  We  had  no  reason  to  suspect  that  any.  problem  would  arise,  and  we 
thought  no  more  about  it. 

Although  the  design  of  the  rest  of  the  structure  was  conducted  care¬ 
fully,  we  encountered  large  ripples  In  the  probe  pattern  and  we  found 
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cross-polarizatlon  effects  everywhere,  within  the  guide  and  in  the  radi¬ 
ated  field.  Nothing  that  ve  did  improved  matters  much.  We  redesigned 
the  feed  taper,  making  it  c,uite  complex,  with  three  independent  successive 
taper  sections,  we  refined  the  probe  arrangement,  we  eliminated  any  pos¬ 
sible  gaps  between  metal  ard  dielectric,  and  so  on.  All  this  took  a  great 
deal  of  time,  but  we  were  inable  to  locate  the  source  of  the  problem. 
Although  everything  was  maintained  to  be  symmetrical,  something  was  pro¬ 
ducing  asymmetry  with  the  resultant  mode  conversion  and  cross  polarization. 
We  finally  discovered  that  the  difficulty  waa  due  to  the  glua  that  was 
used  to  hold  the  two  dielectric  strips  together  longitudinally.  Not  only 
did  the  glue  possess  a  different  dielectric  constant,  but  it  seeped  unevenly 
into  the  dielectric  strips  producing  asymmetrical  bloba. 

We  then  purchased  some  new  dielectric  rods  of  larger  diameter,  and 
cut  the  stripe  from  them.  When  we  employed  those  new  dielectric  strips 
(without  the  nesd  for  glue),  the  situation  improved  dramatically.  We 
were  finally  able  to  taka  decant  measurements  (Fig.  3.17  presents  a 
sampla),  and  we  then  did  so  in  a  short  time. 

During  tha  period  of  difficulty  and  frustration,  ws  met  with  Prof. 
Yoneyama  at  the  International  Microwave  Symposium  In  Boston  in  June  1983; 
we  described  our  research  on  the  foreshortened-top  leaky  wave  antenna,  in¬ 
cluding  both  the  theoretical  and  experimental  aspects,  and  we  described 
our  measurement  dilemma  as  wall.  Wo  hinted  that  we  would  appreciate  it  if 
he  could  make  such  measurements  for  us,  and  he  responded  very  favorably. 

It  turned  out  that  he  was  abls  to  take  such  measurements  rather  quickly, 
and  that  they  agreed  well  with  our  theory.  Further  details  are  given  in 
the  next  section  (C,  2). 

During  the  process  of  examining  all  possible  sources  of  asymmetry  in 
our  measurement  structure,  we  noted  that  sometimes  the  dielectric  strip 
separated  from  the  metal  walls,  producing  a  small  air  gap.  If  the  air 
gap  occurs  on  only  one  side,  producing  asymmetry,  than  leakage  of  the  op¬ 
posite  polarization  is  produced.  In  our  set-up,  such  gaps  were  too  small 
to  cause  much  of  a  problem,  and  anyway  no  effect  was  noticed  when  the  gaps 
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were  closed.  However,  this  observation  led  to  the  realization  that  a 
sufficiently  large  gap  could  form  the  basis  of  a  new  leaky  wave  antenna, 
of  simple  configuration,  that  radiates  horizontal,  Instead  of  vertical, 
polarliiation.  That  structure  is  discussed  in  Sec.  D. 


Measurements  Taken  by  Yoneyama 


It  was  mentioned  above  that  some  measurements  on  the  foreshortened- 
top  leaky  wave  antenna  were  kindly  taken  at  our  request  by  Prof.  T. 

Yoneyama  of  Tohoku  University  In  Japan.  Prof.  Yoneyama,  together  with 
Prof.  S.  Nlshlda,  had  originally  proposed  the  MRD  guide  in  1981,  and  he 
had  designed  many  euccesaful  components  In  that  guide  type.  He  was  there¬ 
fore  already  set  up  to  take  the  measurements  we  requested  and  he  sent  us 
the  results  within  a  short  time  136],  We  compared  his  measurements  with 
our  theory,  found  very  good  agreement,  and  then  knew  for  sure  for  the  first 
time  that  our  re'<iults  were  correct  and  that  those  of  Shigesawa  and  Taklyama 
(see  Fig.  3.15)  were  wrong,  the  approxlmatlo  is  In  their  theory  were  evi- 
dent.ly  not  good  ones,  and  Che  coupling  losses  that  they  neglected  In  their 
measurements  must  have  been  sizeable. 

Yoneyama  took  measurements  at  only  a  single  frequency,  at  f  -  50.0  GHz 
in  the  millimeter  wave  range.  The  structure  on  which  he  took  measurements, 
and  the  details  of  his  feed  arrangement,  are  shown  in  Fig.  3.18.  He  em¬ 
ployed  a  directional  coupler  arrangement  to  exclce  one  end  of  the  antenna, 
so  that  the  power  picked  up  by  the  probe  first  licreasas  over  a  short  dis¬ 
tance  and  then  decreases  in  the  expected  exponential  faahlon. 

A  semilog  plot  for  one  of  his  cases  is  shown  In  Fig.  3,19,  where  the 

above-mentioned  short  rise  appears.  One  sees  .that  he  also  obtained  a  ripple, 
but  he  was  able  to  draw  a  straight  lim;  through  its  average,  and  to  deduce, 
a  value  of  rt  from  it.  He  also  measured  the  Intrinsic  (metal  and  dielectric) 
loss,  and  subtracted  tho.t  value  from  the  meaHured  n  value.  The  plot  in 

Fig.  3.19  corresponds  to  our  d  ■  1.5  mm  (his  d  in  Fig.  3,18  is  equal  to 


Fig.  3.19  Semilog  plot,  comparable  to  that  in  Fig,  3.17, 

obtained  by  T.  Yoneyama  in  hla  probe  measurements, 
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our  d) .  An  Important  difference  between  his  measurements  and  ours  is  due 
to  the  difference  in  frequency.  His  structure  la  electrically  much  longer 
than  ours;  that  is  why  the  period  of  the  ripples  seems  much  smaller  in 
Fig.  3.19  than  in  Fig.  3.17. 

In  Fig.  3.20  we  present  a  comparison  between  Yoneyama's  measured 
values  and  our  theoretical  results  for  the  leakage  constant  ct  as  a  func¬ 
tion  of  d,  Even  though  hit)  measurements  were  taken  at  a  frequency  of 
50  GHz  and  our  calculations  were  made  at  48  GHz,  the  frequencies  are 
close  enough  together  to  permit  comparison.  It  is  seen  that  the  agreement 
is  quite  good,  demonstrating  that  the  discrepancy  in  Fig.  3.15  is  not  due 
to  an  error  in  our  theoretical  results. 


3.  Comparisona  With  Theory 

The  measurement  procedure  and  Che  measurement  set-up  were  described 
in  Sec.  C,  1.  The  measurements  that  were  taken  were  of  the  leakage  constant  , 
a  as  a  function  of  the  distance  d  between  the  air-dlelectrlo  Interface 
and  the  radiating  open  end.  The  values  of  plate  separation  a  ,  dielectric 
strip  width  b  ,  and  relative  dielectric  constant  were  maintained  the 
same  throughout  the  measvirements;  these  values  are  a  0.500  inch, 
b  ■  0.378  inch,  and  ■  2.56.  The  different  values  of  d  were  d  ■  0.150, 
0.200,  0.250,  0.300,  and  0.378,  all  in  inches.  For  each  value  of  d  , 
measurements  were  made  at  the  following  frequencies:  10.1,  10.2,  10.4, 

10.6,  and  10,8,  all  in  GHz. 

For  each  of  these  25  different  cases,  probe  measurements  were  made  as 
a  function  of  distance  along  Che  structure,  and  a  plot  similar  to  that  in 
Fig.  3.17  was  obtained.  As  explained  in  Sec.  C,  1,  the  value  of  ot  was 
then  determined  from  the  slope  of  the  straight  line  through  the  average  of 
the  curve.  However,  the  intrinsic  loss,  comprised  of  the  metal  and  the 
dielectric  losses,  must  be  subtracted  from  the  a  determined  from  the  plot 


Fig.  3.20  Comparison  between  our  theoretical  calculationa  at  48  GHz 
and  measurements  taken  by  T.  Yoneyama  at  50  GHz  for  the 
leakage  constant  a  as  a  function  of  distance  d  between 
the  air-dielectric  interface  and  the  radiating  open  end. 
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in  order  to  obtain  the  leakage  loss  itself. 


Following  the  method  described  in  Sec.  C,  1  for  measuring  the  intrinsic 
loss,  the  following  ''alues  as  a  function  of  frequency  were  found  for  the 
structure  indicated  above,  (d  is  then  essentially  infinite) : 

frequency  (GHz)  t  10.1  10.2  10.4  10.6  10,8 

intrinsic  loss  (dB/m)  :  2.2  2^3  2.5  2.  7  2.9 

In  the  values  Cor  «  reported  below,  it  is  understood  chat,  these  values  were 
subtracted  from  the  directly  measurad  ones. 

In  Figs.  3.21  through  3.25,  we  present  comparisons  between  theoretical 
curves  and  these  me.i.sured  resu.lts.  T!ie  solid  lines  In  these,  figures  all 
represent  numerical  data  completed  using  the  almo3t-riv;;oroua  theory  derived 
in  Sec.  A,  2;  the  measured  points  are  indicated  by  x's.  In  each  figure, 
the  leakage  constant  a  is  ploctf'.  as  a  function  of  the  distance  d  ;  the 
different  figures  correspond  to  different  values  of  frequency.  We  there¬ 
fore  present  in  these  figures  five  different  theoretii.i:  curves,  and  ?5 
different  experimental  points, 

The  agreement  is  seen  to  be  very  good  over  the  whole  range  of  values 
of  d  and  over  ail  the  frequencies.  The  theory  is  essentially  rigorous, 
and  systematic  care  was  taken  with  respect  to  the  measurements,  so  that 
the  agreement  found  is  highly  gratifying. 


164  - 


100 


a 

(dB/m) 


Accurate  Theory 
X  Experiment 


b«  0.378 
0.600  in. 

fslO.1  Ghz 

€rs2.66 


0.1  0.2  0.3  0.4  0.6  0.6 

d  {inches} 


Fig.  3.21  Compariaon  between  our  cheorstical  calculations  and  our 

measured  results  for  the  leakage  coniktant  a  as  a  function 
of  distance  d  ,  at  a  frequcn:y  of  10.1  UHas. 
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Fig.  3.23  Same  as  Fig.  3.2i,  but  at  a  frequency  of  10.4  GHa. 


D.  NEW  ASYMMETRIC  ANTENNA 


It  was  mentioned  in  Sei'.,  C,  1,  that  during  the  course  of  our  measure¬ 
ments  on  the  foreshortened-  .op  leaky  wave  structure  we  found  that  a  small 
air  gap  sometimes  developed  between  the  dielectric  strip  and  the  metal 
plates.  We  overcame  the  poi:ential  difficulty  by  employing  a  very  thin 
double-backed  adhesive  strip,  but  we  speculated  about  what  effect  such 
an  air  gap  might  have,  and  these  thoughts  led  to  the  new  asymmetric  an¬ 
tenna  described  here.  The  principle  of  operation  of  the  new  antenna  is 
described  in  Sec.  D,  1. 

While  deciding  how  best  to  analyze  the  basic  structure,  we  recognized 
that  there  are  features  about  this  structure  that  strongly  resemble  those 
of  the  family  of  dielectric  strip  waveguides.  Those  guides  can  also  be¬ 
come  leaky  under  appropriate  circumstances,  but  they  are  not  generally 
suitable  aa  antennas.  Because  of  this  recognition,  however,  we  analyzed 
the  new  antenna  structure  by  employing  the  mode-matching  procedure  that 
we  developed  previously  [26]  undoc  the  Joint  Services  Electronics  Program 
contract  at  the  Polytechnic  [37].  We  even  found  that  the  computer  program 
developed  in  that  context  could  be  applied  here  after  appropriate  modi¬ 
fications.  Also,  the  analysis  of  the  new  leaky  wave  structure  in  NRO  guide 
began  near  the  end  of  the  present  contract.  The  kinship  to  the  family  of 
dielectric  strip  guides  in  fact  permitted  us  to  logically  and  legitimately 
continue  the  analysis  of  this  structure  unde'  JSEP  sponsorship  after  the 
present  contract  ended. 

The  main  features  of  the  analysis,  and  some  numerical  results,  are 
presented  in  Sec,  D,  2.  In  the  context  of  these  results,  we  indicate 
further  the  close  relation  of  the  new  structure  to  leaky  dielectric  strip 
guides.  Most  striking  is  the  pri  sence  of  sharp  dips  in  the  curve  of  a 
as  a  function  of  strip  width;  that  uncommon  phenomenon  also  occurs  for  the 
dielectric  strip  guides,  and  the  explanation  for  it  there  la  valid  here 
as  well.  Some  other  similarities  and  certain  differences  between  the 
structures  are  also  discussed.  The  section  ends  with  some  comments  on 
what  work  still  needs  to  be  done  in  connection  with  this  new  type  of  antenna. 


Principle  of  Operation 


The  leakage  mechanism  can  best  be  understood  by  examining  the  basic 
structure.  Let  us  refer  to  Figs.  3.26  (a)  and  (b) ,  which  show,  respec¬ 
tively,  the  nonradiating  NRD  guide  and  the  guide  containing  an  asymmetric 
air  gap.  The  structures  are  placed  horizontally,  rather  than  vertically, 
to  permit  direct  comparison  later  with  dielectric  strip  waveguides. 


The  first  structure,  in  Fig.  3.26(a),  is  that  of  NRD  guide  Itself, 
but  with  side  walls  of  finite  length.  The  length  is  sufficiently  great, 
however,  that  the  evanescent  field  of  the  lowest  mode  with  the  electric 
field  polarization  shown  has  negligible:-,  amplitude  at  the  open  ends.  As 
a  result,  the  guide  does  not  leak,  in  contrast  to  the  leaky  wave  antenna 
discussed  in  detail  in  Secs.  A,  B  and  C  above,  where  one  side  of  the  MD 
guide  was  foreshortened  substantially. 


(a) 

b— 


Fig.  3.26  CroBS  sections  of  (a)  Nonradiating  NRD  guide,  and  (b)  NRD 
guide  containing  an  asymmetric  air  gap,  which  produces 
leakage.  The  structures  are  placed  on  their  sides  to 
permit  later  comparison  with  open  dielectric  strip 
waveguides . 


In  the  second  structuie,  that  In  Fig.  3.26(b),  Che  asynnnetrlcally  placed 
air  gap  introduces  new  field  components,  as  is  shown  in  the  figure  for  the 
electric  field.  As  is  seei  ,  the  distortion  of  the  electric  field  lines  pro¬ 
duces  a  net  vertical  electric  field,  thereby  exciting  the  TEM  mode  in  the 
parallel  plate  region  away  from  the  dielectric  strip.  Since  the  TEM  mode 
will  propagate  at  all  frequencies,  it  will  carry  power  away  from  the  di¬ 
electric  strip  region  at  an  angle  toward  the  openings  at  the  sides,  thereby 
producing  power  leakage.  Because  of  the  symmetry  of  the  structure,  power 
leaks  away  on  both  sides,  but  with  opposite  phase,  as  shown  In  Fig.  3.26(b) 
by  the  vertical  electric  field  line  or.  each  side  of  the  center  strip. 

Although  the  MRD  guide  will  operate  satisfactorily  as  a  waveguide  whether 
the  guided  mode  is  fast  or  slow,  the  antenna  with  the  asymmetric  air  gap 
will  radiate  only  when  the  guided  wave  is  fast.  This  requirement  follows 
readily  from  observing  the  wavenumbers.  For  the  TEM  mode,  which  is  the 
!i  ••  0  transverse  mode, 

‘‘o  ■  “x  +  "yo  ■  No  ■  ‘“o  - 

where  k  is  the  wavenumber  of  the  guided  wave  (in  the  axial  direction) ,  and 

Z 

k^^  is  the  transverse  wavenumber  in  the  y  direction  In  the  outer  air  regions. 

If  the  guided  wave  is  a  fast  wave,  k  >k  ,  so  that  k  is  real;  for  a  slow 

o  z  yo 

wave,  k^^  is  imaginary,  and  the  wave  is  evanescent  transversely.  (Actually, 
and  k^^  will  possess  small  Imaginary  parts  when  leakage  occurs,  so  that 
k,  and  k  ^  are  really  complex,  but  the  simple  physical  idea  presented  above 

Z  ^0 

is  still  valid.) 

For  an  actual  leaky  wave  antenna,  the  antenna  aperture  amplitude  dis¬ 
tribution  is  tapered  to  control  the  aide  lobes.  In  this  structure,  such 
a  taper  can  be  produced  easily  by  simply  changing  the  thickness  of  the  air 
gap,  beginning  with  it  completely  closed  and  then  gradually  (in  distance) 
opening  it.  For  a  practical  antenna  to  be  achieved,  the  structure  would 
also  have  to  be  closed  by  a  metal  wall  on  one  side,  so  that  the  radiation 
occurs  from  one  side  only.  Additional  comments  in  this  regard  are  given 
at  the  end  of  the  next  sec  tion. 
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2.  Analysis  and  Sumer leal  Results 


A  dielectric  step  junction  is  present  at  each  side  of  the  dielectric 
strip  in  Fig.  3.26(b).  At  each  such  junction,  all  the  higher  transverse 
modes  are  excited  in  both  the  air  region  and  the  partially  dielectric- 
filled  region.  In  the  air  region,  only  the  TEM  transverse  mode  is  above 
cutoff;  in  the  partially  dielectric-filled  region,  both  the  lowest  TE 
and  TM  transverse  surface  wave  modes  are  above  cutofT.  The  remaining 
modes  on  both  sides  are  evanescent,  and  are  therefore  stored  in  the 
vicinity  of  the  junctions  and  contribute  to  their  reactive  nature.. 

The  propagation  characteristics  of  the  leaky  wave  structure  were 
obtained  by  a  mode-matching  procedure  in  the  transverse  direction  similar 
to  that  described  In  detail  for  the  analysis  of  leakage  from  dielectric 
strip  waveguides  [26,27].  Numerical  values  for  a  specific  case  for  the 
leakage  constant  a  as  a  function  of  the  dielectric  strip  width  b  are 
presented  in  Fig.  3.27. 

We  should  first  note  that  the  leakage  values  are  quite  large,  being 
equivalent  at  the  maximum  value  to  about  1/2  dB  per  wavelength.  The  most 
dramatic  behavior,  however,  concerns  the  sericss  of  sharp  dips  in  a.  This 
seemingly  odd  behavior  also  occurs  In  the  leakage  from  dielectric  strip 
waveguides,  and  It  was  explained  in  that  context  [27]. 

Examples  of  dielectric  strip  guides  for  tillllmeter  waves  are  the 
rectangular  dielectric  image  line,  the  "Insular"  Image  line,  and  the 
inverted  strip  guide,  illustrated  in  Fig.  3.28.  The  dielectric  image 
line,  the  topmost  guide,  never  leaks,  but  the  other  two  can  because  they 
posaesa  dielectric  wings  that  can  carry  away  power  in  surface  wave  form. 
On  the  other  hand,  it  can  be  shown  [27]  that  the  dominant  mode  on  any  of 
these  dielectric  atrip  guides  does  not  leak,  but  that  the  lowest  mode  of 
the  opposite  polarixatlon  can  leak,  and  that  higher  modes  almost  always 


leak. 
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Fig.  3.28  Examples  of  open  dielectric  atrip 
waveguides  for  iaillimeter  waves. 


Fig.  3.29  Pictorial  representation  of  TE-TM  mode  conversion 
effects  at  one  side  of  an  open  dielectric  strip 
waveguide  that  give  rise  to  leaky  modes. 
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Me  may  now  draw  the  first  parallel  between  the,  dielectric  strip  guides 
and  the  structure  in  Fig.  3.26(b).  The  lowest  mode  on  that  structure  pos¬ 
sesses  a  vertical  electric  field,  and  may  be  viewed  as  a  perturbation  of 
the  lowest  mode  on  the  dielectric  image  line.  Even  with  asymmetry,  that 
mode  will  not  radiate.  The  mode  shown  in  Fig.  3.26(b)  is  indeed  the  lowest 
mode  of  the  opposite  polarization,  with  the  electric  field  horizontal  instead 
of  vertical.  (It  is  also  the  mode  we  want  for  millimeter  wave  use,  because 
the  electric  field  is  basically  parallel  to  the  walls  so  that  the* metal  wall 
losses  decrease  with  increasing  frequency.) 

The  next  basic  point  of  similarity  involves  the  mode  conversion  that 
occurs  at  the  dielectric  step  Junctions  in  each  of  these  structures.  The 
nature  of  this  mode  conversion  for  dielectric  strip  waveguides  is  shown 
pictorially  in  Fig.  3.29.  Suppose  first  that  no  mode  convursion  occurs. 

Then,  an  Incident  TE  surface  wave  ray  produces  only  a  reflected  TE  surface 
wave  ray  inside  the  strip  and  a  "transmitted"  TE  ray  outside  that  is  ev¬ 
anescent,  in  keeping  with  the  requirement  that  the  mode  be  bound.  When 
mode  conversion  at  the  .dielectric  step  junction  is  taken  into  account, 
we  find  in  addition  a  TM  surface  wave  ray  inside  the  strip  region  and  a  TM 
surface  wave  ray  outside  of  it.  Depending  on  the  wavenumber  conditions, 
the  TM  ray  outside  may  or  may  not  be  propagating;  if  it  is,  it  corresponds 
to  the  leakage  of  power  in  the  form  of  a  surface  wave.  The  next  interesting 
point  to  observe  is  that  the  poltirlzation  of  that  leaking  TM  surface  wave 
outside  of  the  strip  region  is  opposite  to  that  of  the  incident  TE  surface 
wave  inside  the  strip  region.  Thus  the  power  that  leaks  away  has  a  po¬ 
larization  opposite  to  that  possessed  by  the  main  portion  of  the  guided 
mode. 

If  we  were  to  draw  a  pictorial  representation  for  the  asymmetric  MRO 
guide  structure  similar  to  that  In  Fig.  3.29  for  dielectric  strip  guides, 
we  would  need  to  replace  the  outs ide  dielectric  layer  by  an  air-filled 
parallel  plate  guide.  The  modes  in  the  outside  region  would  then  not 
be  surface  waves  but  parallel  plate  modes  instead.  We  would  again  have 
an  incident  TE  surface  wave  ray,  as  before,  with  a  reflected  TE  ray  inside 
and  an  evanescent  TE  parallel  plate  mode  outside.  We  would  also  have  a 


mode-converted  TM  surface  wave  ray  inside,  as  before,  but  outside  we  would 
now  need  a  mode-converted  TEM  ray.  This  TE.M  ray  would  or  would  not  be 
propagating  transversely  depending  on  conditions,  but  we  earlier  noted 
that  propagation  would  occur  if  the  guided  wa -e  were  fast.  We  also  note 
that  the  polarization  of  the  leaking  TEM  wave  is  opposite  to  that  of  the 
incident  TE  surface  wave  ray,  in  agreement  wit.h  the  situation  found  for 
dielectric  strip  waveguides. 

The  final  correspondence  relates  to  the  strong  dips  found  In  the 
curve  of  a  vs.  b  (Fig.  3.27).  Similar  dips  are  found  in  correspoxiding 
curves  for  dielectric  strif  guides.  These  dips  are  "resonances"  or  . 
"cancellation  effects"  due  to  the  mode-converted  TM  surface  wave  that 
bounces  back  and  forth  inside  the  dielectric  strip  region.  That  mode- 
converted  contribution  is  also  present  in  the  asymmetric  NW>  guide  antenna 
structure,  so  that  we  should  Indeed  expect  to  find  similar  strong  dips 
present. 

We  therefore  see  that  there  are  very  strong  correspondences  in  phys¬ 
ical  behavior  between  the  asymmetric  NRD  guide  antenna  and  the  leaky  di¬ 
electric  strip  waveguides.  They  are  similar  in  that  u  mode-converted  TM 
surface  wave  is  produced  inside  the  strip  region,  that  the  polarization 
of  the  leakage  power  is  opposite  to  that  in  the  main  guided  wave,  and 
that  strong  dips  are  found  in  the  attenuation  plotJ.  One  difference 
between  the  structures  is  that  the  leakage  power  is  carried  by  a  TEM  mode 
in  parallel  plate  guide  rather  than  by  a  surface  wave.  It  is  inuareatlng 
that  the  a  is  caused  by  the  TEM  mode  outside  of  the  strip  region,  but  that 
the  resonant  dips  in  the  values  of  (t  relate  to  the  mode-converted  TM  sur¬ 
face  wave  inside. 

Another  Important  difference  is  present  between  these  structures.  In 
the  dielectric  atrip  guides,  the  outside  region  can  always  support  a  sur¬ 
face  wave  in  some  direction,  so  that  its  effective  dielectric  constant  for 
the  basic  mode  is  real  and  positive.  In  contrast,  the  outside  region  in 
the  asymmetric  NRD  guide  structure,  corresponding  simply  to  the  parallel 
plates,  is  below  cutoff  for  the  basic  mode  (the  TE^  mode),  so  that  its 


effective  dielectric  constant  in  that  region  is  negative  real.  As  a  re¬ 
sult,  the  lowest  longitudinal  guided  mode  for  the  overall  structure  is  above 
cutoff  for  any  value  of  dielectric  strip  width  in  the  case  of  dielectric 
strip  guides,  whereas,  for  the  structure  in  Fig.  3.26(b),  the  longitudinal 
guided  mode  will  go  below  cutoff  if  the  strip  width  b  becomes  sufficiently 
small.  This  feature  explains  why  the  curve  in  Fig.  3.27  stops  at  a  non- 
r^ro  value  of  width  b  . 

For  most  millimeter  wave  applications,  it  is  desirable  to  restrict  the 
radiation  from  the  leaky  wave  antenna  to  one  side  only.  That  modification 
as  applied  to  the  structure  of  Fig.  3.26(b)  can  be  accomplished  uy  placing 
a  short-circuiting  metal  plate  some  distance  away  from  the  dielectric  strip 
on  one  side  and  leaving  the  other  side  open  or  attaching  it  to  a  ground 
plane.  This  more  complicated  cross  section  still  remains  to  be  analyzed. 

Two  problems  will  require  .  *'tention.  The  first  is  that  the  leakage  rate  a 
will  be  affected  by  the  precise  location  of  the  short-circuiting  plate,  so 
that  its  position  must  be  opclmiz 'd.  The  second  is  that  the  cross  section 
is  no  longer  symmetrical,  so  that  additional  modal  solutions  become  possible. 
The  added  complications  introduced  by  these  additional  solutions  must 
be  examined  and  then  taken  into  account. 

This  new  NKD  guide  leaky  wa' «  antenna,  based  on  asymmetry,  is  of 
interest  because  of  its  simple  c> nf iguration.  its  large  maximum  leakage  rate 
(so  that  a  large  range  of  beam  widths  can  be  achieved),  its  ease  of  connection 
with  NRD  guide  integrated  circulcry,  and  the  fact  that  its  width  is  less 
than  half  a  wavelength.  Tliis  lasL  p-iint  is  uf  particular  interest  if  the 
antenna  is  used  as  a  line  source  in  a  phased  array  of  such  line  sources, 
since  grating  lobes  would  then  automatically  be  eliminated.  An  additional 
virtue  of  this  antenn.n  Is  that  t\»e  polarization  of  its  radiation  is  the 
opposite  of  that  obtained  from  the  foreshortened-top  NRD  guide  antenna. 
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